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Abstract: Titanium and its alloys constitute the gold standard materials for oral implantology in
which their performance is mainly conditioned by their osseointegration capacity in the host’s bone.
We aim to provide an overview of the advances in surface modification of commercial dental implants
analyzing and comparing the osseointegration capacity and the clinical outcome exhibited by different
surfaces. Besides, the development of peri-implantitis constitutes one of the most common causes of
implant loss due to bacteria colonization. Thus, a synergic response from industry and materials
scientists is needed to provide reliable technical and commercial solutions to this issue. The second
part of the review focuses on an update of the recent findings toward the development of new materials
with osteogenic and antibacterial capacity that are most likely to be marketed, and their correlation
with implant geometry, biomechanical behavior, biomaterials features, and clinical outcomes.
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1. Introduction

The implantation of dental implants has become a common treatment for the replacement
of missing or damaged teeth due to the great acceptance of implant therapies, with an estimated
placement of more than two million implants per year worldwide, and a tendency to increase its use is
expected due to the longer life expectancy of the population [1]. Modern oral implantology includes
a large number of devices with different sizes, lengths, shapes, and thread designs [2,3]. The gold
standard substrate material employed is pure titanium or Ti−Al−V alloy due to its high corrosion
resistance, biocompatibility, and lightweight properties [4]. However, its biological response can be
improved by numerous surface treatments that provide bioactivity and osseointegration [5]. The most
widespread manufacturing techniques used to obtain bioactive commercially implants are sandblasting,
acid-etching, anodization, plasma spraying, and laser radiation. These treatments modify implants’
topography, varying the values of some properties, such as free surface energy, chemical composition,
and roughness, which have been demonstrated to allow fast healing and better osseointegration [6,7].

The use of implants that avoid the loss of the device generally obtains very good results, and
reaches almost a 90% success rate after 10 to 15 years of implantation [8]. However, between 5% and
11% of dental implants do not achieve a satisfactory degree of osseointegration in the maxillofacial
bone, leading to failure of the implant and alteration of the oral function [9]. This implies physical and
economic damage to the patient and the specialist. Therefore, the development of a better strategy to
preserve the long-term stability of implants that is easily feasible by industrial processes constitutes a
priority that must be addressed from a technological and innovative perspective.
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Failures of dental implants are usually due to simultaneously occurring biological and
biomechanical issues. A notable cause of mechanical failure is the stress shielding caused by the
elimination of the typical stress transmitted by the tooth to the supporting bone [10]. When no occlusal
force is transferred to the bone by the implant, the bone density is altered by resorptive phenomena and
it becomes less dense and weaker [11], which eventually leads to the generation of microfractures and
deformations in the surrounding bone with the consequent loss of the implant [12,13]. Another cause of
biomechanical failure is an overload applied to the interfacial bone originating from diverse phenomena,
such as clenching, excessive cantilevers, inadequate control of wear over time, or bruxism, among
others. These conditions are mainly caused by external aspects to the implants coming from either the
patient or the specialist. However, biological failures are mostly associated with the accumulation of
microbial plaque and bacterial infections, generally known as peri-implantitis, in which the implant
design plays an important role.

When a peri-implantitis infection is diagnosed, there are several therapies to save the implant
and prevent its removal [14]. In each case, the therapy is chosen mainly according to the extent of
the infection. When local antimicrobial therapies fail, it is necessary to use surgical therapies, which
involve the resection of the affected tissues, extraction, and decontamination of the surface, followed
by a bone graft, applying, in many cases, barrier membranes to prevent epithelial migration [15]. This
process generally takes several months, causing oral dysfunctionalities to the patients that cannot be
avoided. Thus, in order to prevent the development of peri-implantitis, the use of implants made
from materials that enhance the osseointegration processes with the host tissue and at the same time
prevent or suppress bacterial colonization is needed. These materials have different routes of action.
On the one hand, they promote the formation of bone tissue favoring the activity of osteoblasts to
the detriment of osteoclasts or even the differentiation of stem cells towards osteogenic phenotypes.
On the other hand, their surface properties and composition may interfere with bacterial adhesion
and viability by modifying the surface energy, or releasing antibacterial agents, such as ions, antibiotic
drugs, or antiseptics [16,17].

Thus, a huge effort from the industry and research institutions has been carried out to provide
an ultimate solution for all these limitations. In this sense, an increasing number of publications and
technical developments have been published claiming new alternatives that combine the ability to
prevent bacterial adhesion and biofilm formation with osseointegration capacity and the development
of the biological seal (Figure 1). However, no material has been found yet that clearly demonstrates its
complete clinical success for peri-implantitis diseases.
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In the first part of this review, we summarize the clinical outcomes of current marketed dental
implants, describing the correlation between the osseointegration ability of implants and their different
surface topography obtained by the manufacturing technique. In the second part, we address the
current trends that are closer to becoming the future of oral implantology. Therefore, we recapitulate
the most promising recent developments and expect to provide an updated overview of this hot
topic issue while at the same time, inspiring future researchers towards the development of new
materials applicable in the field of anti-peri-implantitis dental implants. It is worth highlighting that
the dental implant brands referred to in this review mainly respond to the availability of peer-reviewed
literature reporting advanced in vivo studies correlated with implant geometry, biomechanical behavior,
biomaterial features, and clinical outcomes.

2. Current Osteogenic Strategies in Implantology

One of the key features that dental and orthopedic implants must fulfill is the capacity of
osseointegration with the host bone tissue, allowing a long-lasting and good mechanical performance.
To achieve this, commercial implants have been fabricated with topographic and/or physicochemical
modification of the surface to confer them the ability to induce a biological response and accelerate
the bone regeneration process. Specifically, surface modifications influence the primary interfacial
reactions that take place between the implant and components of the blood, connective tissues, and
surrounding cells [18,19]. After implantation of the device, its first contact is with the blood generated
as a result of bone trauma. A blood clot rich in fibronectin is formed, acting as a scaffold to support
the cells of the new tissue [20]. Afterwards, the new bone growth is initiated by osteogenic cells
accumulated in the blood clot that secrete a mineralized collagenous interfacial matrix on the implant
surface. Finally, bone remodeling takes place at discrete sites and a bone–implant interface is created,
comprising new bone that forms [21]. In this sense, it has been found that hydrophilic surfaces promote
an up-regulation of angiogenesis-associated genes even at the early stages of bone healing [22–24] and
support the formation of a more resistant blood clot that cannot be easily disintegrated [25]. Therefore,
the chemical composition of the implant and the presence of grafted bioactive molecules and coatings
determine important properties, such as free surface energy and surface wettability, which are related
to protein adsorption or blood clothing [26–28]. In this way, a hydrophilic surface favors a strong
blood clot anchorage and ensures that the interfacial bone formed is bonded to the implant surface,
promoting a fast osteointegration process from the first day of implantation [29].

In addition, in order to commercialize an implant, it is crucial to consider that the industrial
scaling up of the product must be affordable and easily reproducible so that the production process
is economically profitable. Most dental implants available on the market have been modified by
physical methods to confer roughness on the implant surface. Rough surfaces act as a cellular support,
promoting better adhesion and proliferation of osteoblasts in the initial stage of osseointegration due to
the increased hydrophilicity [30,31]. As a result, the healing bone process is accelerated, and a stronger
device–host bone interface is formed [32]. However, a high surface roughness has been reported as a
risk factor in the development of peri-implantitis [33].

Other commercial implants have a ceramic coating that is rich in calcium phosphate (CaP),
like hydroxyapatite (HAp) [34]. These inorganic coatings have been extensively studied as an
osteoconductive approach due to their similar composition to the mineral component of the bone,
fostering the formation of tight bonds with new growing bone [35]. After implantation, the release
of calcium phosphate from the coating saturates the biological fluids, forcing the precipitation of an
apatite layer on the implant surface [36]. Apatite plays an important role in the healing process as it
supports osteogenic cells and may contain endogenous proteins [37]. Moreover, in addition to rough
surfaces, the hydrophilicity of CaP and HAp coatings is regarded as being favorable for the initial
biological response in blood contact [38,39].
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The following subsections review some of the most representative commercially available dental
implants, which are classified according to the instrumental technique used to confer different
topographies and/or inorganic coatings, as well as their exhibited clinical outcomes.

2.1. Macro and Microroughness Surfaces

A large number of the dental implants that are currently commercialized, as summarized in Table 1,
have been obtained using the sandblasting technique [31,40,41]. With this method, it is possible to
create a macroroughness by the projection of particles of TiO2, Al2O3, SiO2, or HAp generally, which are
accelerated with an air stream under pressure to the implant surface. Besides, it should be noted that the
incorporation of these particles represents an additional benefit in the development of new bone tissue
since they have been reported to be boosting agents of the osseointegration process [42,43], and their
effect as an osteoinductive coatings is reviewed further on. The bone–implant interactions exhibited
by the different TiO2, Al2O3, and SiO2 particles were analyzed in an animal study with sheep [44].
Interestingly, the osseointegration capacity of the different groups was equivalent, despite the implants
impregnated with Al2O3 reaching the highest values of removal torque in the biomechanical test.
Concerning the TiOblast® (Astra Tech, Mölndal, Sweden) mark, there are studies in the literature
that certify a high success of acceptance after surgical implantation, with acceptable rates of patients
affected by mechanical failure, bone loss [45,46], and development of peri-implantitis (3.5% of implants).
Figure 2 displays a radiographic illustration of patients with and without bone loss [46]. In a recent
long-term study, it was analyzed whether there was an additional benefit in the osseointegration
process by comparing implants with a non-modified turned surface (Brånemark Standard Implants®

(Nobel Biocare, Gothenburg, Sweden)) and TiOblast® devices [47]. Results suggested that roughness
did not improve bone integration, and the authors concluded that there was a lower percentage of
implant failures due to peri-implantitis for the non-modified devices, with a total amount of 10.9% of
implants affected by this injury. Similar results were published in another comparative study between
both types of implants, in which 11% of implant failures were attributed to peri-implantitis disease [48].

Table 1. Manufacturing techniques applying physico-chemical treatments used in commercial implants.

Manufacturing Technique Example of Commercial Brand

Sandblasting
TiOblast® (Astra Tech, Mölndal, Sweden), Swede and Screw Vent® (Zimmer
Biomet, Palm Beach Gardens, Florida, USA) and Standard, Hex® (Osteoplant,
Poznan, Poland).

Acid-etching Osseotite® (Zimmer Biomet, Warsaw, Indiana, USA) and Steri-Oss Etched®

(Nobel Biocare, Zürich-Flughafen, Switzerland)

Grit blasting and acid-etching

SLA Straumann® (Straumann Institute, Basel, Switzerland), Ankylos®

(Dentsply Friadent, Mannheim, Germany), Friadent Plus® (Dentsply
Friadent, Mannheim, Germany), Promote® (Camlog, Basel, Switzerland) and
Osseonova® (Ziacom, Pinto, Spain)

Anodization TiUnite® (Nobel Biocare, Gothenburg, Sweden)

Plasma spraying

IMZ-TPS® (Dentsply Friadent, Mannhein, Germany), Bonefit® (Straumann
Institute, Waldenburg, Switzerland), Restore-TPS® (Lifecore Biomedical,
Chaska, Minnesota, USA), Steri-Oss-TPS® (Nobel Biocare, Yorba Linda,
California, USA) and ITI-TPS® (Straumann Institute, Waldenburg, Germany)

The acid-etching methodology can create microrough surfaces by the formation of micro wells on
the implant surface as a result of aggressive acid treatment (with acids like HCl, H2SO4, HNO3, and
HF, and their combinations) [31,40,41]. Commercial implants manufactured using this technique are
registered in Table 1. The ability of acid-etched surfaces to induce an early response in bone regeneration
has been studied by comparing the results of turned implants with those of acid-etched surfaces [49].
In this clinical study carried out on 44 people, a larger bone-to-implant contact surface was observed,
but no statistically significant differences were reached between each type of implant. Reports provided
by the manufacturer stated the correct function of the Osseotite® (Zimmer Biomet, Warsaw, Indiana,
USA) product, registering high success rates (>96%) [50,51]. Moreover, comparative studies between
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non-modified turned surfaces and Osseotite® implants did not show a significant increase in the
success rate [52], although removal torque values were four times greater for Osseotite® implants [53].
The long-term stability of Swede-Vent® (Zimmer Biomet, Palm Beach Gardens, Florida, USA) and
Screw-Vent® (Zimmer Biomet, Palm Beach Gardens, Florida, USA) implants, produced by the same
acid-etching process but a varied screw length, was compared with non-modified Brånemark® implants
in a clinical study [54]. By histomorphometric analysis it was observed that all three designs achieved
great long-term stability, noticing also that Brånemark® together with Swede-Vent® implants presented
the lowest bone loss, reaching significant differences compared to Screw-Vent®, and suggesting that a
longer screw length is associated with a greater bone loss.
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Figure 2. Clinical and radiographic illustrations of: (A) A case with no bone loss. Baseline (crown
placement), 5 and 12 years of follow-up. (B) A case with progressive bone loss. Baseline (crown
placement), 5 and 12 years of follow-up. Adapted from Donati et al. [45] with permission from John
Wiley and Sons.

The roughness of the implants can be increased by applying an acid treatment after particle
blasting. Thus, the formation of a complex topographic geometry takes place at the micrometric level:
The macroroughness created by the projected particles is combined with the microroughness caused by
acid etching [55]. The name of the entire process is known as sandblasting and large grit acid etching
(SLA). This method has been reported as a promising technique to confer biological activity to the
implants’ surface due to an increase in surface energy and wettability, which positively contributes
to the bone healing process in the initial stages [56]. Histomorphometric analyses of these surfaces
showed a high level of bone-to-implant-contact [28,57]. In this context, implants available in the market
obtained by this methodology are collected in Table 1. SLA Straumann® (Straumann Institute, Basel,
Switzerland) devices are an illustrative example of the surfaces obtained by this methodology. In
one study, these implants were evaluated and compared with an acid-etched surface using an animal
model. Removal torque measurements were carried out by means of interfacial stiffness calculation, in
order to evaluate the interlocking degree between the implant and the host tissue. Data revealed that
a small increase in this value was registered for SLA Straumann® surfaces, but the differences were
not statistically significant [58]. Friadent Dentsply (Mannheim, Germany) surfaces are characterized
by a dynamic change in the wettability surface ratio. It moves from an initial hydrophobic state to
a hydrophilic state when the implant is in contact with extracellular matrix proteins [27]. A clinical
study examined the effect of early or late loading on devices manufactured by Friadent Dentsply with
an SLA surface. The results obtained showed that there were no significant differences between the
Friadent Dentsply products, reaching a high overall success rate (>99%) in terms of the absence of
pain and peri-implant infection mobility and peri-implant bone resorption [59]. Furthermore, another
study with an animal model revealed that a high percentage of bone-to-implant-contact was reached



J. Clin. Med. 2019, 8, 1982 6 of 28

after 12 weeks of healing even when they were inserted into a periodontitis-induced dog model
(Figure 3) [60].J. Clin. Med. 2019, 8, 1982 6 of 28 
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Figure 3. (A) Radiographic aspect of the teeth after 3 months of disease induction. Note the bone loss
at the furcation and proximal areas, indicating the presence of periodontal disease. (B1) Bone–implant
contact of the grit-blasted/acid-etched surface (original magnification×12.5, Stevenel’s blue and Alizarin
red stain). (B2) Bone–implant contact of the titanium plasma spray surface (original magnification
×12.5, Stevenel’s blue and Alizarin red stain). Figure adapted from Novaes Jr. et al. [60] with permission
from John Wiley and Sons.

Anodization is another technique used to obtain microtopographies. It is based on a potentiostatic
or galvanostatic electrochemical oxidation of titanium surfaces using strong acids, such as H2SO4,
H3PO4, HNO3, or HF, creating a uniform porous layer of TiO2 in the form of anatase, which is thicker
than the initial one [31,40,55]. Under certain conditions, the anodization technique can create a porous
organized surface in the form of TiO2 nanotubes (TNTs). These kinds of nanostructured surfaces and
their functionality will be described below in Section 3.1. The anodization treatment increases blood clot
retention, which favors the osseointegration of the device [61]. The chemical modification of the surface
not only provides a significantly greater increase in bone response but also better biochemical adhesion
due to the interconnection of new bone tissue through the pores of the implant [62]. A representative
commercial implant of this group includes the brand TiUnite® (Nobel Biocare, Gothenburg, Sweden).
Highly successful rates have been reported in prospective studies for these implants (>96%) [63,64],
of which 8.2% of implants were positive for peri-implantitis disease [63]. However, no significant
differences in cumulative survival rates were reached when compared with a non-modified turned
surface [65,66]. Moreover, the biomechanical properties of TiUnite® have been evaluated against
acid-etched surfaces provided by Osseotite® and oxidized magnesium surfaces. The results showed
that there were no significant differences between the three groups, and TiUnite® implants exhibited
an intermediate value in the removal torque [67].

Other methods for implant surface modifications exist, such as plasma spraying, which modifies
the topography of the implants by the projection of a Ti powder injected into a plasma torch at
high temperatures, forming a film about 30 µm thick constituted by Ti-OH groups [31,40,55]. The
process can be accomplished with atmospheric or reduced pressure and has the advantage of not
leaving chemical residue traces on the surface, which happens with wet techniques [40]. Recently,
the capacity of SLA surfaces modified with the plasma spraying treatment was demonstrated to
potentiate cellular adhesion and the adsorption of proteins due to the generation of a layer of OH
groups that increase the superficial hydrophilicity [68,69]. Implants manufactured by the titanium
plasma spraying (TPS) technique are included in Table 1; all techniques are produced at atmospheric
pressure to reduce industrial production costs. The ITI-TPS® (Straumann Institute, Waldenburg,
Germany) product achieved satisfactory results in terms of long-term stability, bone-to-implant-contact,
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resorption of marginal bone, and removal torque values [34,70]. In a canine model study, it was
reported that values of the removal torque and marginal bone loss reached significant differences for
ITI-TPS® implants compared with non-modified surfaces [71]. Figure 4 represents a radiographic
illustration of both implants after mandibular resection. Moreover, different histomorphometric
analyses performed in a dog model showed that ITI-TPS® implants (rough surface) experience a slight
benefit from bone-to-implant contact compared with Brånemark®, TiUnite® and SLA Straumann®

implants (minimally rough surfaces) [72], and also successful osseointegration even when they were
implanted into mandibular bones affected by periodontitis (Figure 3) [60].
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2.2. Nanoroughness Surfaces

To optimize the surface roughness of the implant, its topography has been modified at the
nanometric scale (1–100 nm) in a few commercial brands. The nanotopographic design of the surface
recreates the natural cellular environment, mimicking the implant with the native tissue. This implies
the generation of cellular interactions, triggering changes at the physical, chemical, and biological levels,
which lead to an increase in the attachment of adhesive proteins and osteoblasts to the surface [73],
thus promoting a higher bone-to-implant interface and accelerating device integration [74]. Table 2
shows some nanorough surface implants according the topographical characteristics found in previous
studies [75].

Table 2. Nanorough surface-treated implants available in the market.

Manufacturing Technique Examples of Commercial Brand

Laser Ablation Laser-Lok® (BioHorizons, Birmingham, Alabama)

Grit blasting and acid etching SLActive® (Straumann Institute, Basel, Switzerland), Osseospeed®

(Dentsply Friadent, Mannheim, Germany)

A simple method for making nanotopographies is the laser ablation [40,76] technique, which is
employed in the product Laser-Lok® (BioHorizons, Birmingham, Alabama). This implant has the
advantage of increasing the interconnection of the surface with fibrous and soft tissues, since in the
manufacturing process the imparted nanotopography is applied to the neck of the implant. The use
of laser micromachining generates micro and nanochannels on the surface that serve as support for
cells, promoting fast osseointegration and, at the same time, high attachment of soft tissues and low
epithelial growth [77,78]. In a prospective canine model study, histological analysis revealed that
there were significant differences in the bone-to-implant-contact value when the Laser-Lok® surface
was compared with a conventional machine-turned surface. In addition, this study also confirmed
a high degree of new hard and soft tissue growth around the implant [79]. Similar results were
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found in a prospective clinical study in which the authors found that the implantation of Laser-Lok®

surfaces resulted in improvements in the clinical attachment level versus turned non-modified surfaces,
and also a significantly lower crestal bone loss grade [80]. Additionally, another study with an
animal rabbit model compared the mechanical stability of laser ablation-modified prostheses (using
a neodymium-doped yttrium aluminium garnet laser, Nd-YAG) and TiUnite® anodized surfaces,
obtaining a significantly higher torque value for the laser-treated surfaces [81]. Interestingly, a recent
study has shown that laser treatment after the SLA process does not make a notable difference in the
osseointegration process [82].

SLActive® (Straumann Institute, Basel, Switzerland) is another dental implant trademark based on
a surface with nanoscale geometry. These implants are manufactured by grit blasting and acid etching
following the same process used for SLA Straumann® surfaces, but including a final stage in which
the implant is flushed with a stream of nitrogen to avoid contact with air and then instantly introduced
into an NaCl solution for storage. SLActive® surfaces are characterized by high hydrophilicity, which
favors the induction of a biological response in the host tissue and thus contributes to the formation of a
homogeneous new bone layer around the implant as a consequence of increased adhesion of fibrinogen
and fibronectin in the early stages of healing [55]. Moreover, early blood coagulation processes are
favored by the increased hydrophilicity and positively affect the osseointegration process [83]. This
proves that SLActive® surfaces are closely related to the differentiation mechanisms of osteoblasts,
fostering recruitment of these cells [84]. The mean average survival rate reported for SLActive® surfaces
was high (98.5%), as well as for its analogue Roxolid® (Straumann Institute, Basel, Switzerland) (96.8%),
whose substrate is made of a titanium–zirconium alloy [85]. The long-term durability of SLActive®

implants was further analyzed in a prospective study, which concluded that the survival rate was
acceptable at 91.7% and that the degree of marginal bone resorption was very low, with 2.5% of implants
affected by peri-implantitis, suggesting that a strong physical interaction takes place in successful
devices [86]. Interestingly, histomorphometric analysis of SLActive® implants performed in a canine
model indicated additional benefits in the healing and regeneration of new bone tissue compared to its
predecessor, SLA Straumann® (Figure 5) [87].
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Figure 5. Representative histological views of wound healing in different groups at 2 weeks.
Bone regeneration in close contact with the implant surface was most pronounced at the lateral
aspect of SLActive® commercial implants (upper jaws, TB stain, original magnification ×25). (A)
SLActive®, submerged, lateral aspect. (B) SLActive®, submerged, central aspect. (C) SLA Straumann®,
submerged, lateral aspect. (D) SLA Straumann®, submerged, central aspect. Figure adapted from
Schwarz et al. [87] with permission from John Wiley and Sons.
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The Osseospeed® (Dentsply Friadent, Mannheim, Germany) brand with nanometric roughness is
produced by an acid treatment with HF once the blasting of TiO2 particles on the surface is carried
out. In a prospective study with a three-year follow-up, with implants installed in healed ridges or
extraction sockets, it was concluded that both hard and soft tissues were positively stabilized and their
survival rates were comparable regardless of the site of implantation [88]. Clinical and radiographic
examinations published in another prospective study with a one-year follow-up revealed that marginal
bone loss was minimal [89]. Besides, other authors have analyzed whether the post fluoridation process
of the Osseospeed® product provides enhancement of the bone-to-implant-contact when compared
to TiOblast® implants. However, histomorphometric and histological analyses of five implant pairs
revealed that Osseospeed® nanotopography did not guarantee greater osseointegration [90].

2.3. Inorganic Coatings

Commercial dental implants can also be coated with inorganic compounds, with the aim of
accelerating early bone healing. The most commonly used coatings are nanostructured calcium, CaP,
and HAp, and their incorporation is mainly achieved by hydrotermal deposition [91] or the plasma
spraying technique [40,55]. As they are a source of calcium and phosphate ions, it is expected that
they will give rise to a more mineralized bone–implant interface. The debate about the advantages
of inorganic coatings during their in vivo performance is still open in the literature. On the one
hand, some researchers have reported that implants with CaP coatings present a higher percentage of
bone-to-implant contact compared to non-coated implants, which confers a high adhesion strength
to the host bone [92,93]. On the other hand, other authors support that the presence of HAp on the
surface increases the risk of bacterial adhesion and colonization of periodontal pathogens along with
the level of crestal bone resorption and mobility of the implant [94,95]. Nevertheless, implants with
CaP coatings fabricated by plasma spraying evidence a weak increase in the osseointegration process,
pending more clinical trials evaluating the different properties conferred to implants when they are
produced by other techniques [96].

Examples of commercial implants with an inorganic coating are collected in Table 3. It seems that
the presence of the inorganic coatings can affect the transmission of mastication forces from the bone to
the implant. In this sense, the way in which Osstem GS-HA III® and Osstem TS III-HA® (Osstem
Implant Co., Busan, Korea) implants transmit the stress produced in mastication to the host bone tissue
was analyzed [97], finding a correct distribution of the simulated force that is applied in the masticatory
cycles. However, further studies on the same type of implants using finite element method (FEM)
analysis revealed that to ensure their long-term use, it is still necessary to develop a more advanced
prosthetic balance that homogeneously distributes stress [98]. The Osstem TS III-HA® and TSV-HA®

(Zimmer Biomet, Carlsbad, California, USA) products were compared and both exhibited high survival
rates, but significant differences in terms of the healing process were achieved after immediate loading
(Figure 6). Moreover, peri-implantitis was diagnosed in 2.2% of Osstem TS III-HA® implants and in
1.4% of TSV-HA® implants [99]. These models were also evaluated in a retrospective analysis, which
reported a survival rate success of 100% and no differences between the two products [100].

Table 3. Commercially available implants with inorganic surface coatings.

Coating Component Examples of Commercial Brand

Hap
Osstem TS III-HA® (Osstem Implant Co., Busan, Korea) and Osstem
GS-HA III® (Osstem Implant Co., Busan, Korea), TSV-HA®

(Zimmer Biomet, Carlsbad, California, USA)
CaP nanoparticles Ossean® (Intra-Lock, Boca Raton, Florida, USA)
CaP and DCD nanotopography Nanotite® (Zimmer Biomet, Palm Beach Gardens, Florida, USA)
Nanostructured Ca XPEED® (MegaGen Implant Co., Gyeongbuk, South Korea)
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Figure 6. Example of measurement using periapical radiographs. (A) Left radiograph was taken after
delivering a prosthesis, (B) Right radiograph was taken during the follow-up period. Both radiographs
are Zimmer® commercial implants in the same patient. Figure adapted from Cervino [99].

In the case of the Ossean® (Intra-Lock, Boca Raton, Florida, USA) brand, the biomimetic
nanotopographic design is combined with the action of CaP as a mineral component. Its manufacturing
process consists in the impregnation of nanometric-sized particles of calcium phosphate into the
implant surface, which has been previously subjected to grit blasting and subsequent acid etching.
The result of the process is the formation of a nanoroughness by the deposition of the CaP nanoparticles
within a microroughness formed by the grit blasting/acid-etching process. To better understand the cell
behavior induced when exposed to the nanotopography of Ossean® implants, the gene expression of
the most relevant osteogenic markers was measured and implants with a microroughness obtained by
double acid etching (AA group) were used as the control group [101]. The real-time quantitative reverse
transcription polymerase chain reaction (RT-PCR) revealed a significant increase in the regulation
of osteogenesis-related genes after 1 and 2 weeks post-implantation. Moreover, histomorphometric
analysis showed that there was a high mineralization of bone tissue around Ossean® implants (MB
group), reaching significant differences with respect to the dual acid-etched surfaces used as the control
(AA group, Figure 7). In another study, the activity of osteoblast-like human osteosarcoma cells
(SaOS-2) and bone mesenchymal stem cells on the surface of Ossean® implants was evaluated [102].
Significantly greater alkaline phosphatase (ALP) kinase expression was observed at all measured times
for Ossean® implants, and acceptable values in terms of adhesion and cell proliferation were obtained.

J. Clin. Med. 2019, 8, 1982 10 of 28 

 

Figure 6. Example of measurement using periapical radiographs. (A) Left radiograph was taken after 
delivering a prosthesis, (B) Right radiograph was taken during the follow-up period. Both 
radiographs are Zimmer® commercial implants in the same patient. Figure adapted from Cervino 
[99]. 

In the case of the Ossean® (Intra-Lock, Boca Raton, Florida, USA) brand, the biomimetic 
nanotopographic design is combined with the action of CaP as a mineral component. Its 
manufacturing process consists in the impregnation of nanometric-sized particles of calcium 
phosphate into the implant surface, which has been previously subjected to grit blasting and 
subsequent acid etching. The result of the process is the formation of a nanoroughness by the 
deposition of the CaP nanoparticles within a microroughness formed by the grit 
blasting/acid-etching process. To better understand the cell behavior induced when exposed to the 
nanotopography of Ossean® implants, the gene expression of the most relevant osteogenic markers 
was measured and implants with a microroughness obtained by double acid etching (AA group) 
were used as the control group [101]. The real-time quantitative reverse transcription polymerase 
chain reaction (RT-PCR) revealed a significant increase in the regulation of osteogenesis-related 
genes after 1 and 2 weeks post-implantation. Moreover, histomorphometric analysis showed that 
there was a high mineralization of bone tissue around Ossean® implants (MB group), reaching 
significant differences with respect to the dual acid-etched surfaces used as the control (AA group, 
Figure 7). In another study, the activity of osteoblast-like human osteosarcoma cells (SaOS-2) and 
bone mesenchymal stem cells on the surface of Ossean® implants was evaluated [102]. Significantly 
greater alkaline phosphatase (ALP) kinase expression was observed at all measured times for 
Ossean® implants, and acceptable values in terms of adhesion and cell proliferation were obtained. 

 

Figure 7. Histological sections for Ossean® (MB) and dual acid-etched (AA) groups at 1, 2, 4, and 8 
weeks in vivo. Reproduced from P.G. Coelho et al. [101] with permission from Elsevier. 

The acid-etching method can be employed in combination with a subsequent sol-gel process 
called discrete crystalline deposition (DCD) during manufacturing of nanostructured surfaces with 
inorganic compounds [103]. In the case of the brand Nanotite® (Zimmer Biomet, Palm Beach 
Gardens, Florida,USA), nanotopography is formed by the biomimetic deposition of nanometric 
particles of CaP in the DCD treatment. The nanostructured surface of these implants has been 
reported to be an effective osteoconductive surface [104,105]. In a clinical trial, these implants 
showed a favorable mean survival rate, as well as a low degree of bone loss around the implant 
[106]. Another study with an animal model revealed that there were significant differences in the 
bone-to-implant contact value between the nanogeometry and microtopographic surfaces [105]. The 
same result was reported in another comparative study between Nanotite® and Osseotite® products 
with nano and micro roughness surfaces, respectively [107]. The biomechanical properties shown by 

Figure 7. Histological sections for Ossean® (MB) and dual acid-etched (AA) groups at 1, 2, 4, and
8 weeks in vivo. Reproduced from P.G. Coelho et al. [101] with permission from Elsevier.



J. Clin. Med. 2019, 8, 1982 11 of 28

The acid-etching method can be employed in combination with a subsequent sol-gel process
called discrete crystalline deposition (DCD) during manufacturing of nanostructured surfaces with
inorganic compounds [103]. In the case of the brand Nanotite® (Zimmer Biomet, Palm Beach Gardens,
Florida, USA), nanotopography is formed by the biomimetic deposition of nanometric particles of
CaP in the DCD treatment. The nanostructured surface of these implants has been reported to be
an effective osteoconductive surface [104,105]. In a clinical trial, these implants showed a favorable
mean survival rate, as well as a low degree of bone loss around the implant [106]. Another study
with an animal model revealed that there were significant differences in the bone-to-implant contact
value between the nanogeometry and microtopographic surfaces [105]. The same result was reported
in another comparative study between Nanotite® and Osseotite® products with nano and micro
roughness surfaces, respectively [107]. The biomechanical properties shown by Nanotite® implants
have also been tested in a canine animal model in which they evaluated four surfaces obtained by
different methods, micro blasted, acid etched and micro blasted, anodized, and discrete crystalline
deposition, concluding that only acid-etched implants presented a significantly higher removal torque
value than DCD surfaces [108]. On the contrary, other authors reported that the presence of CaP
nanocrystals on the surface of the implant involved an improvement in the anchorage of the implant to
the bone matrix [103].

2.4. Bacteria Colonization

The process by which implants undergo bacterial colonization has been extensively studied to
improve biomaterials’ performances. In the oral cavity, a range of more than 500 different bacteria
coexist, of which only 300 have been named [109]. Like osteogenic cells, these bacteria are susceptible
to adhering to the implanted biomaterial and a ‘race to the surface’ takes place between them [110].
In the early stages of colonization, plankton bacteria attach to the surface of the implant by van der
Waals or gravitational forces. After this deposition, the bacteria associate with each other with greater
strength through various mechanisms specific to each microorganism, such as flagella, pili, proteins,
and polysaccharide adhesions [111]. This process is accentuated for dental implants by the presence of
bacterial plaque in the mouth [112]. Small aggregates of these bacteria begin to secrete an extracellular
matrix rich in polysaccharides and proteins until a resistant biofilm is formed.

Biofilm acts as a refuge for bacteria by protecting them from the host immune system and
antibiotic therapies, and can lead to the development of a permanent infection that persists even under
aggressive antibiotic treatment [113,114]. Besides, osteoblasts can absorb bacteria and store them in
vesicles. However, bacteria have developed defensive mechanisms by which they release toxins that
allow them to escape from internalization and cause necrosis and apoptosis to the host’s osteoblasts.
In addition, other neighboring osteoblasts will be infected by these bacteria, producing a cascade of
proinflammatory molecules, like cytokines and chemokines [115]. By this way, the osteoclastogenesis
process is potentiated, leading to bone resorption as a consequence of an imbalance between osteoblasts
and osteoclasts [116,117].

Additionally, during the host response to a bacterial infection, complementary activation from
the innate immune system takes place [115]. Inflammatory cells are attracted to the infected site and
proinflammatory cytokines are produced, which further boost osteoclastogenesis [118]. In sum, the
immune system inflammatory reaction could be triggered by the presence of metal particles, cement
residues, and organic contaminants non-covalently bonded to the surface [119]. These results become
a problem when they exceed more than a 10-µm size or are high in numbers because macrophages are
unable to phagocytize them and an overproduction of proinflammatory cytokines around the implant
takes place, thus increasing the risk of developing peri-implantitis [120,121].

After bacterial colonization and biofilm formation, the risk of implant failure is enhanced by the
development of diseases, such as peri-implantitis, resulting in enormous economic costs and physical
and emotional damage caused to both the patient and the specialist [122]. Thus, peri-implantitis is
described as an irreversible inflammatory process of the tissues around the dental implant, which
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starts with a localized inflammation and entails the destruction of soft tissues and loss of peri-implant
bone [14]. The diagnosis criteria for peri-implantitis disease have recently been established in the
World Workshop on the Classification of Periodontal and Peri-implant Diseases and Conditions, aiming
to clearly provide a reliable consensus between periodontitis, peri-implantitis, and peri-implantitis
mucositis pathogenesis [123]. It is worth mentioning that despite periodontitis and peri-implantitis
having some similarities in terms of pathogenesis and therapy, their etiology differs in that the origin is
the presence of an implant [124].

In most of the published studies in which implant performance was evaluated, peri-implantitis
development is not reported or the diagnostic criterion is unclear or does not follow a quality consensus
as described above [123]. An effort has been made by researchers to estimate the proportion of
dental implants affected by peri-implantitis. A systematic review and meta-analysis reported that the
frequency of peri-implantitis development is 18.8% of patients and 9.6% of implants out of 504 studies
with 1497 participants involved [125]. In a systematic review, 25 randomized controlled trials (RCTs)
were analyzed, aiming to identify whether superficially modified implants pose a greater risk of
peri-implantitis development than non-modified turned implants [126]. It was found that despite not
reaching statistically significant differences, implantation of non-modified implants reduces the risk of
peri-implantitis development by 20%. However, this result must be interpreted with caution because
it was extracted from four RCTs with short follow-up periods (≤3 years). Another recent systematic
review, including prospective and retrospective studies, evaluated the resistance of modified and
non-modified implants to exhibit long-term peri-implantitis resistance (≥5 years) [127]. Considering
the heterogeneity of the included studies, again, it was observed that there were no significant
differences between the two types of surfaces and that less than 5% of the implants were positive for
peri-implantitis disease.

Once peri-implantitis has been diagnosed, a treatment to decontaminate the surface is necessary
because the presence of this condition does not strictly imply a loss of the implant. Several methods for
the treatment of this condition have been reported with favorable results [128]. Among them, the use
of an erbium-doped yttrium aluminium garnet laser (Er-YAG), mechanical debridement, alone or with
local application of antibiotics or antiseptic agents, the application of a bone substitute (nanocrystalline
hydroxyapatite), and regenerative membranes stand out [128,129]. Since no methodology has shown a
clear superiority over the other, the best way of action is the prevention of bacteria colonization by the
design of new implants with antimicrobial surfaces.

3. Current Trends: Osteogenic Coatings with Antibacterial Potential

Surgical implantation of orthopedic and dental implants presents the risk of possible bacterial
infection and failure of the device, as a result of an immune response triggered by the presence of a
foreign body in the organism, and furthermore, the adhesion and fixation of bacteria is favored by the
use of implants with rough surfaces [33]. Commercially available titanium implants present important
differences in their surface microstructure and topography depending on the manufacturing technique
used and the presence of coatings, as summarized in Table 4. Therefore, topographic modifications can
generate surfaces that can be classified as a function of their roughness (Sa) in smooth surfaces (SA =

0–0.5 µm), minimally rough (SA = 0.5–1 µm), moderately rough (SA = 1–2 µm), or rough surfaces (SA >

2 µm) [130], and must be combined with antimicrobial agents or anti-adherent surfaces of bacteria to
minimize the risk of biofilm formation and ensure its durability [131,132]. Currently, commercially
available implants with antibacterial capacity are limited to the field of orthopedic implantology [133].
It should be noted that the oral conditions to which dental implants are subjected (mechanical stress,
bacterial strains, etc.) vary with respect to the orthopedic implant. For this reason, thorough research
in dental implantology is still needed to satisfy the aesthetic and functional conditions required by
implants installed in the oral cavity.
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Table 4. Classification of surfaces presented by commercial dental implants according to their roughness
* obtained by means of different manufacturing technique.

Surface Modification Process

Commercial Brand Sandblasting Acid
Etching Anodization Plasma

Spraying CDC

Smooth Surface
(SA = 0–0.5 µm) Brånemark®

Minimally Rough
(SA = 0.5–1 µm)

Osseotite® ×

Nanotite® × ×

Moderately Rough
(SA = 1–2 µm)

TiOblast® ×

Steri-Oss Etched® ×

SLA Straumann® × ×

SLActive® × ×

Osseospeed® × ×

Rough Surfaces
(SA > 2 µm)

Ankylos® × ×

Friadent Plus® × ×

TiUnite® ×

ITI-TPS® ×

TSV-HA® ×

* As classified by Wennerberg A, Albrektsson T. 2010 [130].

Bioactive agents that prevent bacterial infection can be classified according to the mechanism of
action [132], including passive coatings that prevent bacteria from attaching to the implant surface
and active systems that release antibacterial agents killing the surrounding bacteria. Passive systems
consist mainly of polymeric coatings that decrease the adhesion of cells and proteins. They are an
attractive alternative due to the simplicity of their handling, as they do not require the use of drugs.
However, the anti-adherent character equally affects the adhesion of osteoblasts to the implant, so
the osseointegration process is compromised. To mitigate this adverse effect, antifouling coatings
are functionalized with cellular adhesive peptides that favor the cell–implant interaction, enhancing
osteogenesis while inhibiting the fixation of bacteria. Concerning active coatings, the agents responsible
for killing the bacterial strains (metallic ions, antibiotics, or disinfectants) can be physically adsorbed
or embedded in a polymeric matrix (for example, antifouling polymers), as well as being covalently
anchored to the coating (antimicrobial peptides). The latter case avoids the problems associated with
the drug burst release that can cause toxicity to the osteoblastic cells, as well as loss of the antibacterial
effect over time. Some orthopedic implants available on the market have an antibacterial ability.
Some examples are those produced with active coatings, such as gentamicin contained in a matrix
of poly (D, L-lactide) for tibia nails, a coating of povidone-iodine for titanium implants, and silver
coatings, either by galvanostatic deposition of a large amount of elemental silver or by incorporation
of a low concentration of silver ions by anodization of the piece in aqueous solution, both for tumor
endoprostheses and knee arthrodesis nails [133].

In summary, the incorporation of antibacterial compounds to prevent the formation of bacterial
biofilm compromises the viability of osteoblastic cells that form new tissue whereas physico-chemical
modifications of the surface favor the fixation of both bacteria and osteoblasts. For this reason, new
trends focus on systems combining osteoconductive or osteoinductive compounds, which potentiate
the proliferation and differentiation of native cells, with antibacterial agents used to prevent the
development of infections. In this regard, both effects can act synergistically, ensuring the success of the
entire osseointegration process. Thus, in the following subsections, we review the most outstanding
papers in which both aspects are evaluated.

3.1. Metal Ions and Nanoparticles

The antibacterial capacity of dental implants described in the literature is mainly conferred
by ions or nanoparticles of metallic elements. Silver is the most commonly used antibacterial
compound [134–145], followed by zinc [138,146–150] and copper [151,152], although some authors
have reported antimicrobial properties for cerium [153], tantalum [154], titanium [145,155], and
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magnesium [147]. The high antibacterial capacity of silver has been tested against a large number
of bacterial strains. For example, the antibacterial potential of stainless-steel surfaces modified
with silver nanoparticles immobilized uniformly by the plasma immersion ion implantation (PII)
technique has been tested against different bacterial strains, including gram-positive and gram-negative
strains [134]. PII methodology allows a strong fixation of metal compounds, simultaneously avoiding
their mobility and the subsequent hazardous effects. Additionally, the same authors studied the effect
of silver nanoparticles on the differentiation of human bone marrow stromal cells. The spreading and
differentiation of mouse osteoblastic cells line (MC3T3-E1) were enhanced as it was shown by the
quantification of ALP expression and extracellular matrix mineralization [135]. An immersion assay in
phosphate-buffered saline (PBS) revealed the long-term (75 days) antibacterial capacity of substrates and
the ALP activity and extracellular matrix mineralization confirmed a beneficial effect on the spreading
and differentiation of osteoblastic cells. The osseointegration ability of Ag nanoparticles immobilized in
a titanium SLA dental implant by PII was further investigated in a canine model study with Labrador
dogs [136]. The implant stability, micro-computed tomography (micro-CT) assay, histomorphometry,
and histological analyses showed good development of both soft and hard tissues around the implant
and a greater osseointegration process of Ag PII-modified implants compared to control SLA surfaces.
Subsequent studies evaluated the antibacterial capacity of these implants, resulting in a significant
growth inhibition of Fusobacterium nucleatum and Staphylococcus aureus [137]. In view of the data
obtained, the authors suggested that Ag PII-modified implants have both osteogenic and antibacterial
potential without delamination and side effects. The use of the PII technique has also been reported for
the modification of implant surfaces with other ions, like zinc [138,146,147], magnesium [147], both
zirconium and nitrogen [156], and their combinations, to obtain a synergistic effect in the successful
acceptance of the implant [138,147]. The Zn-implanted titanium showed an advantageous effect on
the osteogenic activity and a partial antibacterial activity against Escherichia coli and Staphylococcus
aureus that could be increased with longer implantation times [146]. The co-immobilization of Zn and
Ag in Ti implants improved the corrosion resistance of the substrate, enhanced the cell adhesion and
spreading activity of rat bone marrow stromal cells (rBMSCs) in the initial phases of osseointegration,
and significantly increased the bactericidal power both in vitro and in vivo due to the synergistic
effect of the two ions (Figure 8) [138]. The co-immobilization of Zn and Mg in Ti implants not only
enhanced the expression of osteogenic markers and showed potential killing of aerobic bacteria but
also promoted the manifestation of a magnesium transporter-1 (MagT1), inducing angiogenesis by the
action of the Mg2+ ion [147].

Dental implant coatings based on TNTs are an effective strategy for the development of devices
with osteogenic and antibacterial properties. The nanotubular geometry obtained by applying certain
conditions in the anodization process has been demonstrated to promote the spreading, differentiation,
and attachment of osteoblast cells [86]. In addition, the capacity of nanotubes (NTs) to reduce
the colonization of bacteria has been reported, as the nanotopographic design favors osteoblasts
versus bacteria adhesion to the surface because of the larger size of the cells [157]. In order to
increase the bactericidal capacity of NT, many current researches are focused on the use of these
structures as reservoirs of antibacterial agents for their in situ release in the implanted area. In this
sense, the formation of TNT decorated with silver nanoparticles [139,140] alone or combined with
strontium [141,142], titanium dioxide nanoparticles [145], or silver oxide nanoparticles loaded into
Ta NT has been reported [143]. In all cases, the antibacterial ability of the NTs increased due to the
presence of the different metal nanoparticles, and besides, all samples showed an enhancement of
osteogenic activity. This effect was significantly higher in samples with strontium as it has been
extensively described as a promoter of the bone tissue regeneration process [158]. An important
aspect of these systems is that the release must be rigorously controlled since a burst release of
the antimicrobial agent can lead to mortality of osteoblastic cells. In this sense, several researches
are focused on the development of sealing coatings placed over NTs that allow a controlled and
sustained drug release over time. This was achieved with a coating made of folic acid coordinated
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with ZnO quantum dots (QDs), which are unstable in acid environments, allowing the release of
vancomycin encapsulated in the TNTs. The antifouling effect of vancomycin was potentiated by the
action of ZnO QDs, resulting in an almost complete eradication of Staphylococcu aureus while folic
acid positively affected the proliferation and differentiation of MC3T3-E1 cells due to its role in DNA
replication processes [148]. NTs coated with polydopamina is another method to obtain systems
with a controlled release of antifouling agents. Polydopamina (PDA) coatings can be considered
as an attractive strategy due to the simplicity of the process (self-polymerization after soaking in
a dopamine solution), their good interaction with organic and inorganic substrates, their excellent
biocompatibility and biodegradability, and their potential to scavenge free reactive radicals because
of its high antioxidant properties. The latter aspect was employed to in situ reduce Ag+ to Ag0 via
catechol oxidation after dopamine polymerization, leading to the formation of a uniform and deep
coating of silver nanoparticles [144]. As was expected, Ag nanoparticles efficiently inhibited the
colonization of six types of bacteria (Escherichia coli, Staphylococcus aureus, Candida albicans, Streptococcus
mutans, Actinomyces israelii, and Lactobacillus acidophilus), however, the attachment, proliferation, and
differentiation of osteoblast cells were negatively affected. To overcome this problem, the authors
soaked the system in simulated body fluid (SBF) and the activity of osteoblasts was improved by the
deposition of CaP on TNTs. Similar results were obtained in another investigation in which, after silver
nanoparticle deposition was performed, the system was immersed in a dopamine solution, again to
ensure a complete embedment of silver nanoparticles and induce better mineralization (Figure 9) [145].
Furthermore, in other reports, the osteogenic properties of the substrates were improved by the covalent
immobilization of an Arg-Gly-Asp-Cys peptide (RGDC) with a dopamine coating that can engage
integrin adhesion receptors on cells [149]. In this work, ordered and homogeneous Zn nanorods were
formed on Ti substrates by hydrothermal treatment followed by self-polymerization of polydopamine
and subsequent bonding of RGDC peptides. The coordination bond between Zn and PDA yielded
a controlled and sustained release of metal ions, resulting in an efficacious killing of Staphylococcus
aureus and Escherichia coli and an enhancement of the attachment, proliferation, and differentiation
of osteoblasts.
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3.2. Bactericidal Peptides

Bactericidal peptides have been reported as an effective bacteria killer with short times of action,
a broad spectrum of antimicrobial activity, and low susceptibility to the development of resistant
strains. Silanization is a methodology employed to covalently bind bactericidal peptides and antibiotics
to titanium surfaces. Thus, the covalent fixation of the anti-inflammatory and bactericidal GL13K
peptide on Ti implants has been reported [159]. The authors studied the osseointegration capacity of
GL13K peptides through micro-CT scanning and histomorphometry in a rodent model, identifying
acceptable levels of regenerated bone tissue with good clinical outcomes of the modified implants and
the prevention of microbial infection. In a similar way, other authors have described the anchoring
of RGD, KRWWKWWRR (HHC36) and human lactoferrin-derived (hLf1-11) peptides with a silane
coupling agent, resulting in excellent inhibition of bacteria adhesion and good biocompatibility [160].
The binding of hLf1-11 peptide via silanization with (3-aminopropyl)triethoxysilane (APTES) resulted
in high rates of bacteria being killed [161], and its anchorage onto titanium surfaces has been reported as
an osteogenic route by the upregulation of the bone markers measured. At the same time, the adhesion
of Streptococcus salivarius and Streptococcus sanguinis was remarkably reduced without inhibition of
eukaryotic cells’ viability grown in co-cultures with fibroblast cells [162]. The physical adsorption of
bactericidal peptides, such us streptococcal collagen-like protein and b-defensin 3 (HBD-3) peptides
on titanium substrates, constitute other interesting ways to prevent the development of infections,
showing rapid early bone regeneration, despite some limitations regarding peptide stability and
lifespan [163,164].

3.3. Antibiotics

Antibiotics can also be incorporated in the implant surface to selectively kill bacteria without
side effects for eukaryotic cells. The main issue of implants loaded with antibiotics is the generation
of antibiotic-resistant strains and the loss of bactericidal activity over time, which compromises the
use of these agents. Tetracycline-loaded fibers obtained by electrospinning showed an excellent
potential for killing peri-implantitis-associated pathogens and exhibited a total eradication of biofilm
formation [165]. Additionally, other authors tested the osteogenic ability of this system and found
that, besides the bactericidal capacity, the expression of the ALP kinase measured was remarkably
higher than the control, promoting early bone formation [166]. Flavonoids are known for their good
properties in biological processes, like antioxidant, anti-inflammatory, and anti-microbial capacity,
among others. For this reason, the use of this active component in dental implantology has been
studied in recent years. In particular, the functionalization of titanium surfaces with taxifolin and
quercetin flavonoids has been addressed because they have been reported as osteogenic inducers and
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inhibitors of peri-implantitis [167]. Flavonoid immobilization was carried out with (3-aminopropyl)
triethoxysilane (TESPA) as a coupling agent, and the results showed activation of osteogenesis
mechanisms, anti-inflammatory, and anti-fibrotic properties, as well as effective inhibition of the
development of peri-implantitis disease (Figure 10) [168]. Other authors loaded TNTs with propolis,
which is a resinous natural product rich in flavonoids, and tested the in vitro and in vivo action, yielding
high rates of cell proliferation and differentiation and correct osseointegration in a rat model [169].
Gentamycin has been employed as an antibacterial agent. It has been loaded into fibroin nanoparticles
with and RGD peptides, obtaining a biologically active nanorough surface. These implants inhibited the
growth of Staphylococcus aureus while promoting osteoblast adhesion and differentiation, as well as high
deposition of CaP and an overexpression of ALP kinase [170]. Other authors coordinated gentamycin
with Ag nanoparticles, which were reduced in situ by silk fibroins to form a stable complex with strong
antibacterial activity and bone formation capacity [171]. Moreover, chlorhexidine has been used as an
antibacterial agent loaded into microporous silica coatings by diffusion, avoiding the burst release of
the drug and obtaining satisfactory antibacterial and osteogenic properties (Figure 11) [172]. Dopamine
coatings can also be employed to covalently immobilize an antibiotic. The fixation of bacitracin has
been reported in polydopamine-modified surfaces [173]. Antimicrobial tests against Staphylococcus
aureus and methicillin-resistant Staphylococcus aureus (MRSA) showed a significant inhibition of bacteria
colonization while the adhesion, proliferation, and osteogenic differentiation of o human bone marrow
mesenchymal stem cells (hBMSCs) were higher than the control group without bacitracin. In addition,
it was found that the secretion of pro-inflammatory cytokines was lowered due to the inhibitory action
of bacitracin on macrophage spreading. This led to a better osseointegration process without side
effects caused by surrounding inflamed tissues. Other authors have combined the use of polymers, like
chitosan [174] and hyaluronic acid [175], as coatings with vancomycin-encapsulated TNTs. Chitosan
and hyaluronic acid were functionalized with catechol, which can reduce the concentration of reactive
oxygen species and therefore inflammation of the tissues, favoring the osteogenic activity of implants.
Besides, the degradation of hyaluronic acid carried out by bacterial hyaluronidase [176,177] leads
to a slow release of the bactericidal peptide. The excellent antibacterial potential showed by these
functionalized devices permitted not only inhibition of S. aureus attachment in vitro but also increased
the formation of new bone tissue when they were implanted in an in vivo infected defect [178]. Other
authors have reported the functionalization of implants with alendronate as a promoting agent of bone
growth by the self-assembly monolayer technique. This novel methodology allowed the formation of a
uniform drug coating, which showed an excellent osteogenic differentiation of human mesenchymal
stem cells (hMSC) [179].
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Figure 11. Schematic representation of the experimental setup of chlorhexidine release experiments
and biofilm prevention using Ti/SiO2 disks or implants. The Ti/SiO2 material (grey disk or implant
(upper and lower part, respectively)) is placed in its respective container. Chlorhexidine or control
solutions (dark blue) and artificial gingival crevicular fluid (GCF medium, light blue) are administered
to feed and release the compartments of both settings, respectively. The spontaneous diffusion of
chlorhexidine from the feed to the release side is measured every 2 days using UV spectrophotometry.
After 10 days, the GCF release medium is replaced with brain-heart infusion (BHI) medium (pink)
containing approximately 2 × 106 Streptococcus mutans cells/mL (green dots) to allow bacterial biofilm
formation on the implant material (biofilm prevention). After 72 h, biofilm formation is quantified
using metabolic staining and colony forming units (CFU) counting or visualized by SEM imaging.
Reproduced from De Cremer, K., et al. [172].

3.4. Anti-Adhesive Coatings

The use of anti-adhesive polymers that inhibit the attachment of bacteria is another approximation
described in the literature to obtain antibacterial and osteogenic implants [180]. The only disadvantage
presented by these coatings is the unspecific suppression of osteoblasts and bacteria fixation, and
therefore they must be functionalized with a peptide or a bioactive compound that enhances the
adhesion of eukaryotic cells. Chitosan and carboxymethyl chitosan are the most extensive antimicrobial
polymers employed. In this regard, publications have been found in which different osteogenic
agents, such as hydroxyapatite [181], bone morphogenetic protein-2 (BMP-2) protein [182], ALP [183],
silica–chitosan hybrid materials [184], and chitosan-58S bioactive glass nanocomposite [185], are
included in the formulation to improve osteoblast response. All reports coincided in a complete
inhibition of bacterial adhesion combined with an improved osteointegration obtained with this type
of system.

4. Conclusions

A consensus exists on the successful clinical outcomes for most commercial dental implants in
the short and medium term, with some differences on the osteointegration degree depending on the
manufacturing technique used. However, no high rates of significant improvements in the long-term
performance were exhibited between modified surfaces and machine-turned implants, in which one of
the most common causes of implant failure is the generation of periodontal disease as a consequence of
implant colonization by orally present bacteria. In accordance with the literature reviewed in this article,
the most promising research to ensure both osteogenic and anti-peri-implantitis functionality of the
next generation of dental implants is focused on the development of bioactive surfaces by industrially
reliable manufacturing techniques, such as acid etching, anodization, or laser ablation, which combine
antimicrobial activity with osteogenic capacity to optimize healing and antibacterial capacities in the
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initial states and therefore achieve correct osseointegration and long-term stability. Nevertheless,
an overview of the present review indicates that much work remains to be done on the development of
new devices that ensures their long-term durability and capacity to prevent peri-implantitis disease.

Author Contributions: All the authors have contributed equally to the preparation, writing and discussion of
the manuscript.

Funding: This work has been funded by Spanish MICINN (MAT201573656-JIN) and CAM (IND2018/BMD-9485)
programs.

Acknowledgments: We acknowledge support of the publication fee by the CSIC Open Access Publication Support
Initiative through its Unit of Information Resources for Research (URICI).

Conflicts of Interest: The authors have no conflicts of interest to this review.

References

1. Gaviria, L.; Salcido, J.P.; Guda, T.; Ong, J.L. Current trends in dental implants. J. Korean Assoc. Oral Maxillofac.
Res. 2014, 40, 50–60. [CrossRef]

2. Duraccio, D.; Mussano, F.; Faga, M.G. Biomaterials for dental implants: Current and future trends. J. Mater.
Sci. Mater. Med. 2015, 50, 4779–4812. [CrossRef]

3. Smith, D.C. Dental implants: Materials and design considerations. Int. J. Prosthodont. 1993, 6, 106–117.
4. Kasemo, B. Biocompatibility of titanium implants: Surface science aspects. J. Prosthet. Dent. 1983, 49, 832–837.

[CrossRef]
5. Jemat, A.; Ghazali, M.J.; Razali, M.; Otsuka, Y. Surface modifications and their effects on titanium dental

implants. BioMed Res. Int. 2015. [CrossRef]
6. Chrcanovic, B.R.; Pedrosa, A.R.; Martins, M.D. Chemical and topographic analysis of treated surfaces of five

different commercial dental titanium implants. Mat. Res. 2012, 15, 372–382. [CrossRef]
7. Rupp, F.; Liang, L.; Geis-Gerstorfer, J.; Scheideler, L.; Hüttig, F. Surface characteristics of dental implants:

A review. Dent. Mater. 2018, 34, 40–57. [CrossRef]
8. Ratner, B.D.; Hoffman, A.S.; Schoen, F.J.; Lemons, J.E. Biomaterials science: An evolving, multidisciplinary

endeavor. Available online: https://www.researchgate.net/publication/288163931_Biomaterials_Science_An_
Evolving_Multidisciplinary_Endeavor (accessed on 31 December 2013).

9. Snauwaert, K.; Duyck, J.; van Steenberghe, D.; Quirynen, M.; Naert, I. Time dependent failure rate and
marginal bone loss of implant supported prostheses: A 15-year follow-up study. Clin. Oral Investig. 2000, 4,
13–20. [CrossRef] [PubMed]

10. Sumner, D.R.; Galante, J.O. Determinants of stress shielding. Clin. Orthop. Relat. Res. 1991, 274, 202–212.
[CrossRef]

11. Huiskes, R.; Weinans, H.; Van Rietbergen, B. The relationship between stress shielding and bone resorption
around total hip stems and the effects of flexible materials. Available online: https://repub.eur.nl/pub/15376
(accessed on 1 January 1992).

12. Tengvall, P.; Textor, M.; Thomsen, P. (Eds.) Titanium in Medicine: Material Science, Surface Science, Engineering,
Biological Responses and Medical Applications; Springer-Verlag Berlin Heidelberg: Heidelberg, Germany, 2012.

13. Torres, Y.; Trueba, P.; Pavón, J.; Montealegre, I.; Rodríguez-Ortiz, J. Designing, processing and characterisation
of titanium cylinders with graded porosity: An alternative to stress-shielding solutions. Mater. Des. 2014, 63,
316–324. [CrossRef]

14. Mombelli, A.; Lang, N.P. The diagnosis and treatment of peri-implantitis. Periodontology 1998, 17, 63–76.
[CrossRef] [PubMed]

15. Katsikogianni, M.; Missirlis, Y. Concise review of mechanisms of bacterial adhesion to biomaterials and of
techniques used in estimating bacteria-material interactions. Eur. Cell Mater. 2004, 8, 37–57. [CrossRef]
[PubMed]

16. Cloutier, M.; Mantovani, D.; Rosei, F. Antibacterial coatings: Challenges, perspectives, and opportunities.
Trends Biotechnol. 2015, 33, 637–652. [CrossRef] [PubMed]

17. Ferraris, S.; Spriano, S. Antibacterial titanium surfaces for medical implants. Mater. Sci. Eng. C 2016, 61,
965–978. [CrossRef]

http://dx.doi.org/10.5125/jkaoms.2014.40.2.50
http://dx.doi.org/10.1007/s10853-015-9056-3
http://dx.doi.org/10.1016/0022-3913(83)90359-1
http://dx.doi.org/10.1155/2015/791725
http://dx.doi.org/10.1590/S1516-14392012005000035
http://dx.doi.org/10.1016/j.dental.2017.09.007
https://www.researchgate.net/publication/288163931_Biomaterials_Science_An_Evolving_Multidisciplinary_Endeavor
https://www.researchgate.net/publication/288163931_Biomaterials_Science_An_Evolving_Multidisciplinary_Endeavor
http://dx.doi.org/10.1007/s007840050107
http://www.ncbi.nlm.nih.gov/pubmed/11218510
http://dx.doi.org/10.1097/00003086-199201000-00020
https://repub.eur.nl/pub/15376
http://dx.doi.org/10.1016/j.matdes.2014.06.012
http://dx.doi.org/10.1111/j.1600-0757.1998.tb00124.x
http://www.ncbi.nlm.nih.gov/pubmed/10337314
http://dx.doi.org/10.22203/eCM.v008a05
http://www.ncbi.nlm.nih.gov/pubmed/15593018
http://dx.doi.org/10.1016/j.tibtech.2015.09.002
http://www.ncbi.nlm.nih.gov/pubmed/26463723
http://dx.doi.org/10.1016/j.msec.2015.12.062


J. Clin. Med. 2019, 8, 1982 20 of 28

18. Rompen, E.; Domken, O.; Degidi, M.; Farias Pontes, A.E.; Piattelli, A. The effect of material characteristics,
of surface topography and of implant components and connections on soft tissue integration: A literature
review. Clin. Oral Implants Res. 2006, 17, 55–67. [CrossRef]

19. Yamano, S.; Al-Sowygh, Z.H.; Gallucci, G.O.; Wada, K.; Weber, H.P.; Sukotjo, C. Early peri-implant tissue
reactions on different titanium surface topographies. Clin. Oral Implants Res. 2011, 22, 815–819. [CrossRef]

20. Neuss, S.; Schneider, R.K.; Tietze, L.; Knüchel, R.; Jahnen-Dechent, W. Secretion of fibrinolytic enzymes
facilitates human mesenchymal stem cell invasion into fibrin clots. Cells Tissues Organs 2010, 191, 36–46.
[CrossRef]

21. Davies, J. Mechanisms of endosseous integration. Int. J. Prosthodont. 1998, 11, 391–401.
22. Donos, N.; Hamlet, S.; Lang, N.P.; Salvi, G.; Huynh-Ba, G.; Bosshardt, D.; Ivanovski, S. Gene expression

profile of osseointegration of a hydrophilic compared with a hydrophobic microrough implant surface. Clin.
Oral Implants Res. 2011, 22, 365–372. [CrossRef]

23. Lang, N.P.; Salvi, G.E.; Huynh-Ba, G.; Ivanovski, S.; Donos, N.; Bosshardt, D.D. Early osseointegration
to hydrophilic and hydrophobic implant surfaces in humans. Clin. Oral Implants Res. 2011, 22, 349–356.
[CrossRef]

24. Schwarz, F.; Herten, M.; Sager, M.; Wieland, M.; Dard, M.; Becker, J. Histological and immunohistochemical
analysis of initial and early osseous integration at chemically modified and conventional SLA®titanium
implants: Preliminary results of a pilot study in dogs. Clin. Oral Implants Res. 2007, 18, 481–488. [CrossRef]
[PubMed]

25. Schwarz, F.; Herten, M.; Wieland, M.; Dard, M.; Becker, J. Chemically modified, ultra-hydrophilic titanium
implant surfaces. Mund Kiefer Gesichtschir. 2007, 11, 11–17. [CrossRef] [PubMed]

26. Rupp, F.; Scheideler, L.; Eichler, M.; Geis-Gerstorfer, J. Wetting behavior of dental implants. Int. J. Oral
Maxillofac. Implants 2011, 26, 1256–1266. [PubMed]

27. Rupp, F.; Scheideler, L.; Rehbein, D.; Axmann, D.; Geis-Gerstorfer, J. Roughness induced dynamic changes
of wettability of acid etched titanium implant modifications. Biomaterials 2004, 25, 1429–1438. [CrossRef]
[PubMed]

28. Rupp, F.; Scheideler, L.; Olshanska, N.; De Wild, M.; Wieland, M.; Geis-Gerstorfer, J. Enhancing surface free
energy and hydrophilicity through chemical modification of microstructured titanium implant surfaces.
J. Biomed. Mater. Res. 2006, 76, 323–334. [CrossRef] [PubMed]

29. Long, M.W.; Robinson, J.; Ashcraft, E.; Mann, K.G. Regulation of human bone marrow-derived osteoprogenitor
cells by osteogenic growth factors. J. Clin. Investig. 1995, 95, 881–887. [CrossRef]

30. Lange, R.; Lüthen, F.; Beck, U.; Rychly, J.; Baumann, A.; Nebe, B. Cell-extracellular matrix interaction and
physico-chemical characteristics of titanium surfaces depend on the roughness of the material. Biomol. Eng.
2002, 19, 255–261. [CrossRef]

31. Le Guéhennec, L.; Soueidan, A.; Layrolle, P.; Amouriq, Y. Surface treatments of titanium dental implants for
rapid osseointegration. Dent. Mater. 2007, 23, 844–854. [CrossRef]

32. Wennerberg, A.; Albrektsson, T.; Andersson, B.; Krol, J. A histomorghometric study of screw-shaped and
removal torque titanium implants with three different surface topographies. Clin. Oral Implants Res. 1995, 6,
24–30. [CrossRef]

33. Becker, W.; Becker, B.E.; Ricci, A.; Bahat, O.; Rosenberg, E.; Rose, L.F.; Handelsman, M.; Israelson, H.
A prospective multicenter clinical trial comparing one-and two-stage titanium screw-shaped fixtures with
one-stage plasma-sprayed solid-screw fixtures. Clin. Implant Dent. Relat. Res. 2000, 2, 159–165. [CrossRef]

34. Leimola-Virtanen, R.; Peltola, J.; Oksala, E.; Helenius, H.; Happonen, R.-P. ITI titanium plasma-sprayed
screw implants in the treatment of edentulous mandibles: A follow-up study of 39 patients. Int. J. Oral
Maxillofac. Implants 1995, 10, 56–58. [CrossRef]

35. Goodman, S.B.; Yao, Z.; Keeney, M.; Yang, F. The future of biologic coatings for orthopaedic implants.
Biomaterials 2013, 34, 3174–3183. [CrossRef] [PubMed]

36. De Groot, K.; Wolke, J.; Jansen, J. Calcium phosphate coatings for medical implants. Proc. Inst. Mech. Eng. H
1998, 212, 137–147. [CrossRef] [PubMed]

37. Davies, J.E. Understanding peri-implant endosseous healing. J. Dent. Educ. 2003, 67, 932–949. [PubMed]
38. Huang, H.; Manga, Y.; Huang, W.-N.; Lin, C.-K.; Tseng, C.-L.; Huang, H.-M.; Wu, C.-Y.; Wu, C.-C. Effect

of hydroxyapatite formation on titanium surface with bone morphogenetic protein-2 loading through
electrochemical deposition on MG-63 cells. Mater. Des. 2018, 11, 1897. [CrossRef]

http://dx.doi.org/10.1111/j.1600-0501.2006.01367.x
http://dx.doi.org/10.1111/j.1600-0501.2010.02059.x
http://dx.doi.org/10.1159/000215579
http://dx.doi.org/10.1111/j.1600-0501.2010.02113.x
http://dx.doi.org/10.1111/j.1600-0501.2011.02172.x
http://dx.doi.org/10.1111/j.1600-0501.2007.01341.x
http://www.ncbi.nlm.nih.gov/pubmed/17484737
http://dx.doi.org/10.1007/s10006-006-0045-1
http://www.ncbi.nlm.nih.gov/pubmed/17205301
http://www.ncbi.nlm.nih.gov/pubmed/22167431
http://dx.doi.org/10.1016/j.biomaterials.2003.08.015
http://www.ncbi.nlm.nih.gov/pubmed/14643618
http://dx.doi.org/10.1002/jbm.a.30518
http://www.ncbi.nlm.nih.gov/pubmed/16270344
http://dx.doi.org/10.1172/JCI117738
http://dx.doi.org/10.1016/S1389-0344(02)00047-3
http://dx.doi.org/10.1016/j.dental.2006.06.025
http://dx.doi.org/10.1034/j.1600-0501.1995.060103.x
http://dx.doi.org/10.1111/j.1708-8208.2000.tb00007.x
http://dx.doi.org/10.1097/00008505-199600510-00031
http://dx.doi.org/10.1016/j.biomaterials.2013.01.074
http://www.ncbi.nlm.nih.gov/pubmed/23391496
http://dx.doi.org/10.1243/0954411981533917
http://www.ncbi.nlm.nih.gov/pubmed/9612005
http://www.ncbi.nlm.nih.gov/pubmed/12959168
http://dx.doi.org/10.3390/ma11101897


J. Clin. Med. 2019, 8, 1982 21 of 28

39. Geurs, N.C.; Jeffcoat, R.L.; McGlumphy, E.A.; Reddy, M.S.; Jeffcoat, M.K. Influence of implant geometry and
surface characteristics on progressive osseointegration. Int. J. Oral Maxillofac. Implants 2002, 17, 811–815.

40. Mandracci, P.; Mussano, F.; Rivolo, P.; Carossa, S. Surface treatments and functional coatings for
biocompatibility improvement and bacterial adhesion reduction in dental implantology. Coatings 2016, 6, 7.
[CrossRef]

41. Lausmaa, J. Mechanical, thermal, chemical and electrochemical surface treatment of titanium. In Titanium
in Medicine; Brunette, D.M., Tengvall, P., Textor, M., Thomsen, P., Eds.; Springer-Verlag Berlin Heidelberg:
Heidelberg, Germany, 2001; pp. 231–266.

42. Larry, L.H. Bioceramics: From concept to clinic. J. Am. Ceram. Soc. 1991, 74, 1487–1510.
43. Kaur, G.; Sharma, P.; Kumar, V.; Singh, K. Assessment of in vitro bioactivity of SiO2-BaO-ZnO-B2O3-Al2O3

glasses: An optico-analytical approach. Mater. Sci. Eng. C 2012, 32, 1941–1947. [CrossRef]
44. Yurttutan, M.E.; Keskin, A. Evaluation of the effects of different sand particles that used in dental implant

roughened for osseointegration. BMC Oral Health 2018, 18, 47. [CrossRef]
45. Donati, M.; Ekestubbe, A.; Lindhe, J.; Wennstrom, J.L. Implant-supported single-tooth restorations. A 12-year

prospective study. Clin. Oral Implants Res. 2016, 27, 1207–1211. [CrossRef] [PubMed]
46. Al-Nawas, B.; Kammerer, P.W.; Morbach, T.; Ladwein, C.; Wegener, J.; Wagner, W. Ten-Year Retrospective

Follow-Up Study of the TiOblast (TM) Dental Implant. Clin. Implant. Dent. Relat. Res. 2012, 14, 127–134.
[CrossRef] [PubMed]

47. Donati, M.; Ekestubbe, A.; Lindhe, J.; Wennstrom, J.L. Marginal bone loss at implants with different surface
characteristics—A 20-year follow-up of a randomized controlled clinical trial. Clin. Oral Implants Res. 2018,
29, 480–487. [CrossRef] [PubMed]

48. Ravald, N.; Dahlgren, S.; Teiwik, A.; Gröndahl, K. Long-term evaluation of A stra T ech and B rånemark
implants in patients treated with full-arch bridges. Results after 12–15 years. Clin. Oral Implants Res. 2013,
24, 1144–1151. [CrossRef]

49. Mangano, F.G.; Pires, J.T.; Shibli, J.A.; Mijiritsky, E.; Iezzi, G.; Piattelli, A.; Mangano, C. Early bone response
to dual acid-etched and machined dental implants placed in the posterior maxilla: A histologic and
histomorphometric human study. Implant Dent. 2017, 26, 24–29. [CrossRef]

50. Sullivan, D.; Sherwood, R.; Porter, S. Long-term performance of Osseotite implants: A 6-year clinical
follow-up. Compend. Contin. Educ. Dent. 2001, 22, 326–328.

51. Testori, T.; Wiseman, L.; Woolfe, S.; Porter, S.S. A prospective multicenter clinical study of the Osseotite
implant: Four-year interim report. Int. J. Oral Maxillofac. Implants 2001, 16, 193–200.

52. Feldman, S.; Boitel, N.; Weng, D.; Kohles, S.S.; Stach, R.M. Five-Year Survival Distributions of Short-Length
(10 mm or less) Machined-Surfaced and Osseotite® Implants. Clin. Implant Dent. Relat. Res. 2004, 6, 16–23.
[CrossRef]

53. Klokkevold, P.R.; Nishimura, R.D.; Adachi, M.; Caputo, A. Osseointegration enhanced by chemical etching
of the titanium surface. A torque removal study in the rabbit. Clin. Oral Implants Res. 1997, 8, 442–447.
[CrossRef]

54. Camarda, A.J.; Milot, P.; Ciaburro, H.; Rompré, P.H.; Sallaleh, I.; Alexandre, C.M. Long-term randomized
clinical trial evaluating the effects of fixture surface acid-etching and machined collar design on bone healing.
Quintessence Int. 2018, 49, 733–743.

55. Anil, S.; Anand, P.; Alghamdi, H.; Jansen, J. Dental implant surface enhancement and osseointegration.
In Implant Dentistry—A Rapidly Evolving Practice; Ilser, T., Ed.; IntechOpen: London, UK, 2011; pp. 83–108.

56. Kieswetter, K.; Schwartz, Z.; Dean, D.; Boyan, B. The role of implant surface characteristics in the healing of
bone. Crit. Rev. Oral Biol. Med. 1996, 7, 329–345. [CrossRef] [PubMed]

57. Traini, T.; Neugebauer, J.; Thams, U.; Zöller, J.E.; Caputi, S.; Piattelli, A. Peri-implant bone organization under
immediate loading conditions: Collagen fiber orientation and mineral density analyses in the minipig model.
Clin. Implant Dent. Relat. Res. 2009, 11, 41–51. [CrossRef] [PubMed]

58. Li, D.; Ferguson, S.J.; Beutler, T.; Cochran, D.L.; Sittig, C.; Hirt, H.P.; Buser, D. Biomechanical comparison of
the sandblasted and acid-etched and the machined and acid-etched titanium surface for dental implants.
J. Biomed. Mater. Res. 2002, 60, 325–332. [CrossRef] [PubMed]

59. Degidi, M.; Piattelli, A.; Gehrke, P.; Carinci, F. Clinical outcome of 802 immediately loaded 2-stage submerged
implants with a new grit-blasted and acid-etched surface: 12-month follow-up. Int. J. Oral Maxillofac.
Implants 2006, 21, 763–768. [PubMed]

http://dx.doi.org/10.3390/coatings6010007
http://dx.doi.org/10.1016/j.msec.2012.05.034
http://dx.doi.org/10.1186/s12903-018-0509-3
http://dx.doi.org/10.1111/clr.12726
http://www.ncbi.nlm.nih.gov/pubmed/26577573
http://dx.doi.org/10.1111/j.1708-8208.2009.00237.x
http://www.ncbi.nlm.nih.gov/pubmed/20156231
http://dx.doi.org/10.1111/clr.13145
http://www.ncbi.nlm.nih.gov/pubmed/29569767
http://dx.doi.org/10.1111/j.1600-0501.2012.02524.x
http://dx.doi.org/10.1097/ID.0000000000000511
http://dx.doi.org/10.1111/j.1708-8208.2004.tb00023.x
http://dx.doi.org/10.1034/j.1600-0501.1997.080601.x
http://dx.doi.org/10.1177/10454411960070040301
http://www.ncbi.nlm.nih.gov/pubmed/8986395
http://dx.doi.org/10.1111/j.1708-8208.2008.00086.x
http://www.ncbi.nlm.nih.gov/pubmed/18657155
http://dx.doi.org/10.1002/jbm.10063
http://www.ncbi.nlm.nih.gov/pubmed/11857440
http://www.ncbi.nlm.nih.gov/pubmed/17066638


J. Clin. Med. 2019, 8, 1982 22 of 28

60. Novaes, A.B., Jr.; Papalexiou, V.; Grisi, M.F.; Souza, S.S.; Taba, M., Jr.; Kajiwara, J.K. Influence of implant
microstructure on the osseointegration of immediate implants placed in periodontally infected sites:
A histomorphometric study in dogs. Clin. Oral Implants Res. 2004, 15, 34–43. [CrossRef]

61. Traini, T.; Murmura, G.; Sinjari, B.; Perfetti, G.; Scarano, A.; D’Arcangelo, C.; Caputi, S. The surface anodization
of titanium dental implants improves blood clot formation followed by osseointegration. Coatings 2018, 8,
252. [CrossRef]

62. Sul, Y.-T.; Johansson, C.; Wennerberg, A.; Cho, L.-R.; Chang, B.-S.; Albrektsson, T. Optimum Surface Properties
of Oxidized Implants for Reinforcement of Osseointeg ration: Surface Chemistry, Oxide Thickness, Porosity,
Roughness, and Crystal Structure. Int. J. Oral Maxillofac. Implants 2005, 20, 349–359.

63. Degidi, M.; Nardi, D.; Piattelli, A. 10-year follow-up of immediately loaded implants with TiUnite porous
anodized surface. Clin. Implant Dent. Relat. Res. 2012, 14, 828–838. [CrossRef]

64. Friberg, B.; Dahlin, C.; Widmark, G.; Östman, P.O.; Billström, C. One-Year Results of a Prospective Multicenter
Study on Brånemark System®Implants with a TiUnite™ Surface. Clin. Implant Dent. Relat. Res. 2005, 7,
s70–s75. [CrossRef]

65. Jungner, M.; Lundqvist, P.; Lundgren, S. Oxidized titanium implants (Nobel Biocare® TiUnite™) compared
with turned titanium implants (Nobel Biocare® mark III™) with respect to implant failure in a group of
consecutive patients treated with early functional loading and two-stage protocol. Clin. Oral Implants Res.
2005, 16, 308–312. [CrossRef]

66. Fröberg, K.K.; Lindh, C.; Ericsson, I. Immediate Loading of Brånemark System Implants®: A Comparison
Between TiUniteTM and Turned Implants Placed in the Anterior Mandible. Clin. Implant Dent. Relat. Res.
2006, 8, 187–197. [CrossRef] [PubMed]

67. Sul, Y.-T.; Johansson, C.; Albrektsson, T. Which surface properties enhance bone response to implants?
Comparison of oxidized magnesium, TiUnite, and Osseotite implant surfaces. Int. J. Prosthodont. 2006, 19,
319–329. [PubMed]

68. Chou, W.-C.; Wang, R.C.-C.; Huang, C.-L.; Lee, T.-M. The effect of plasma treatment on the osseointegration
of rough titanium implant: A histo-morphometric study in rabbits. J. Dent. Sci. 2018, 13, 267–273. [CrossRef]
[PubMed]

69. Canullo, L.; Genova, T.; Tallarico, M.; Gautier, G.; Mussano, F.; Botticelli, D. Plasma of argon affects the
earliest biological response of different implant surfaces: An in vitro comparative study. J. Dent. Res. 2016,
95, 566–573. [CrossRef]

70. Cochran, D.L. The scientific basis for and clinical experiences with Straumann implants including the ITI®

Dental Implant System: A consensus report Note. Clin. Oral Implants Res. 2000, 11, 33–58. [CrossRef]
71. Bernard, J.P.; Szmukler-Moncler, S.; Pessotto, S.; Vazquez, L.; Belser, U.C. The anchorage of Brånemark and

ITI implants of different lengths. I. An experimental study in the canine mandible. Clin. Oral Implants Res.
2003, 14, 593–600. [CrossRef]

72. Al-Nawas, B.; Groetz, K.; Goetz, H.; Duschner, H.; Wagner, W. Comparative histomorphometry and resonance
frequency analysis of implants with moderately rough surfaces in a loaded animal model. Clin. Oral Implants
Res. 2008, 19, 1–8. [CrossRef]

73. Mendonça, G.; Mendonça, D.B.; Aragao, F.J.; Cooper, L.F. Advancing dental implant surface technology–From
micron-to nanotopography. Biomaterials 2008, 29, 3822–3835. [CrossRef]

74. Monsees, T.K.; Barth, K.; Tippelt, S.; Heidel, K.; Gorbunov, A.; Pompe, W.; Funk, R.H. Effects of different
titanium alloys and nanosize surface patterning on adhesion, differentiation, and orientation of osteoblast-like
cells. Cells Tissues Organs 2005, 180, 81–95. [CrossRef]

75. Dohan Ehrenfest, D.M.; Vazquez, L.; Park, Y.-J.; Sammartino, G.; Bernard, J.-P. Identification card and
codification of the chemical and morphological characteristics of 14 dental implant surfaces. J. Oral Implantol.
2011, 37, 525–542. [CrossRef]

76. Jaeger, N.A.; Brunette, D.M. Production of microfabricated surfaces and their effects on cell behavior.
In Titanium in Medicine; Brunette, D.M., Tengvall, P., Textor, M., Thomsen, P., Eds.; Springer-Verlag Berlin
Heidelberg: Heidelberg, Germany, 2001; pp. 343–374.

77. Nevins, M.; Nevins, M.L.; Camelo, M.; Boyesen, J.L.; Kim, D.M. Human histologic evidence of a connective
tissue attachment to a dental implant. Int. J. Periodont. Restor. Dent. 2008, 28, 2.

78. Pecora, G.E.; Ceccarelli, R.; Bonelli, M.; Alexander, H.; Ricci, J.L. Clinical evaluation of laser microtexturing
for soft tissue and bone attachment to dental implants. Implant Dent. 2009, 18, 57–66. [CrossRef] [PubMed]

http://dx.doi.org/10.1046/j.1600-0501.2003.00968.x
http://dx.doi.org/10.3390/coatings8070252
http://dx.doi.org/10.1111/j.1708-8208.2012.00446.x
http://dx.doi.org/10.1111/j.1708-8208.2005.tb00077.x
http://dx.doi.org/10.1111/j.1600-0501.2005.01101.x
http://dx.doi.org/10.1111/j.1708-8208.2006.00017.x
http://www.ncbi.nlm.nih.gov/pubmed/17100744
http://www.ncbi.nlm.nih.gov/pubmed/16900812
http://dx.doi.org/10.1016/j.jds.2018.06.002
http://www.ncbi.nlm.nih.gov/pubmed/30895131
http://dx.doi.org/10.1177/0022034516629119
http://dx.doi.org/10.1034/j.1600-0501.2000.011S1033.x
http://dx.doi.org/10.1034/j.1600-0501.2003.120908.x
http://dx.doi.org/10.1111/j.1600-0501.2007.01396.x
http://dx.doi.org/10.1016/j.biomaterials.2008.05.012
http://dx.doi.org/10.1159/000086749
http://dx.doi.org/10.1563/AAID-JOI-D-11-00080
http://dx.doi.org/10.1097/ID.0b013e31818c5a6d
http://www.ncbi.nlm.nih.gov/pubmed/19212238


J. Clin. Med. 2019, 8, 1982 23 of 28

79. Nevins, M.; Kim, D.M.; Jun, S.-H.; Guze, K.; Schupbach, P.; Nevins, M.L. Histologic evidence of a connective
tissue attachment to laser microgrooved abutments: A canine study. Int. J. Periodont. Restor. Dent. 2010, 30,
244–255.

80. Farronato, D.; Mangano, F.; Briguglio, F.; Iorio-Siciliano, V.; Riccitiello, F.; Guarnieri, R. Influence of Laser-Lok
surface on immediate functional loading of implants in single-tooth replacement: A 2-year prospective
clinical study. Int. J. Periodont. Restor. Dent. 2014, 34, 79–89. [CrossRef] [PubMed]

81. Kang, S.-H.; Cho, S.-A. Comparison of removal torques for laser-treated titanium implants with anodized
implants. J. Craniofac. Surg. 2011, 22, 1491–1495. [CrossRef]

82. Rong, M.; Lu, H.; Wan, L.; Zhang, X.; Lin, X.; Li, S.; Zhou, L.; Lv, Y.; Su, Y. Comparison of early osseointegration
between laser-treated/acid-etched and sandblasted/acid-etched titanium implant surfaces. J. Mater. Sci.
Mater. Med. 2018, 29, 43. [CrossRef]

83. Kopf, B.S.; Ruch, S.; Berner, S.; Spencer, N.D.; Maniura-Weber, K. The role of nanostructures and hydrophilicity
in osseointegration: In-vitro protein-adsorption and blood-interaction studies. J. Biomed. Mater. Res. A 2015,
103, 2661–2672. [CrossRef]
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