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The Special Issue, “Dental Implant Materials 2019”, has tried to introduce recent developments
in material science and implant dentistry with biologic and clinical aspects. Biocompatibility, design
and surface characteristics of implant materials are very important in the long-term clinical service of
dental implants. Ten original research articles and three review articles in this issue are considered to
show well the significance of such factors from the clinical point of view.

Hard tissue response to implant surface is one of main fields many researchers are involved in.
Surface modification technologies for implants have begun to be applied to titanium at the micro-level
for about four decades. Currently, implant surfaces are being topographically and chemically modified
at the micro- and nano-levels. The modified surfaces used globally in dental clinics are well described
and comprehensively reviewed in a review article of this Special Issue [1]. This review article also
explores some modified implant surfaces that are highly possible to be clinically used, which are very
interesting to the readers investigating biologic interfaces.

In fact, the nature of bone-to-implant contact remains unknown. Whether or not a real bond
exists between hard tissues and implants is still under investigation. Although some researchers
suggest that the bone-to-implant contact would be a simple physical attachment at the bone–implant
interface, Kwon et al. proposed that an actual bond might exist between a bone and an implant surface
by showing different shear bond strength values of the grades 2 and 4 commercially pure titanium
surfaces that have similar topographies [2].

Although the nature of bone response to an implant surface is still under investigation, various
methodological approaches are being developed to enhance the bone healing around the surface.
For example, ultraviolet photofunctionalization of the grade 4 commercially pure titanium surface
eliminates contaminating hydrocarbon on the surface and highly increases surface hydrophilicity,
resulting in the acceleration of osseointegration in vivo, which is shown in an article of this Special
Issue [3]. A functional peptide that is involved in cell adhesion is very useful to speed up the bone healing
process. This Special Issue contains the evaluation of early bone response to a vitronectin-derived
functional peptide-treated sandblasted, large-grit, acid-etched titanium surface [4]. A systematic
review of zirconia dental implants describes that the clinical use of implants which are more aesthetic
than titanium metal ones will increase [5].

The stable peri-implant soft tissue is another key to the long-term success of dental implants,
which is closely associated with the implant-abutment connection structure. Both the soft and hard
tissue responses, depending on the structures and abutment material characteristics, are becoming
another focused topic in clinical implant dentistry. A review of this Special Issue summarizes the
relevant literature to establish guidelines regarding the effects of connection type between abutments
and implants in soft and hard tissues [6]. Biomechanical behaviours of implant-abutment connection
designs are shown in two articles, and clinical outcomes are presented in one article, depending on the
connection designs [7–9]. It is necessary for researchers and clinicians to interpret the clinical data in
implantology in the light of the old axioms that pocket formation is the initiator for peri-implant or
periodontal inflammation and that bone responds to strain, not to stress itself.

Masticatory forces are transferred from superstructures or artificial teeth to bone via implants.
A biomechanical model was introduced in the study of Kung et al. for the prediction of bone healing

Materials 2020, 13, 5790; doi:10.3390/ma13245790 www.mdpi.com/journal/materials1



Materials 2020, 13, 5790

around a dental implant system composed of an artificial crown cemented to a one-body implant,
where an abutment and an implant are fused together [10]. Various materials are being developed for
superstructures that are usually cemented to abutments. Two major materials are zirconia and glass
ceramics, which have been recently supported by digital technology. Interesting mechanical results are
shown in an article of this Special Issue, when the zirconia superstructures are cemented or when the
superstructures are screw-retained [11]. Intriguingly, Jang et al. evaluated a cemented interface between
an artificial crown and an abutment, investigating the effects of cementation methods on the bond
strength and fracture resistance between glass–ceramic superstructures and zirconia abutments [12].
In addition, Tribst et al. estimated implant-supported polymer-infiltrated ceramic crowns in vitro
when the crowns were cemented to the titanium abutments [13]. These materials and skills were tested
in laboratories to reduce the frequent clinical complications of implant-supported superstructures,
which are material chipping, crown dislodgement and crown fracture. Long-term studies in clinics
designed to evaluate the performances of these materials and skills are being waited for.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: This review paper describes several recent modification methods for biocompatible titanium
dental implant surfaces. The micro-roughened surfaces reviewed in the literature are sandblasted,
large-grit, acid-etched, and anodically oxidized. These globally-used surfaces have been clinically
investigated, showing survival rates higher than 95%. In the past, dental clinicians believed that
eukaryotic cells for osteogenesis did not recognize the changes of the nanostructures of dental implant
surfaces. However, research findings have recently shown that osteogenic cells respond to chemical
and morphological changes at a nanoscale on the surfaces, including titanium dioxide nanotube
arrangements, functional peptide coatings, fluoride treatments, calcium–phosphorus applications,
and ultraviolet photofunctionalization. Some of the nano-level modifications have not yet been
clinically evaluated. However, these modified dental implant surfaces at the nanoscale have shown
excellent in vitro and in vivo results, and thus promising potential future clinical use.

Keywords: surface modification; osseointegration; SLA; TiO2 nanotube; fluoride; photofunctionalization

1. Introduction

The surface quality of titanium (Ti) dental implants, which replace missing teeth, is one of the
keys to the long-term clinical success of implants in a patient’s mouth [1]. The bone response to the
Ti implant surface depends on its surface characteristics: Contact (bone formation on the implant
surface towards the bone) and distance osteogenesis occur around micro-roughened Ti surfaces while
only distance osteogenesis (bone formation from the old bone toward the implant surface) appear
around turned Ti [2]. Although contact osteogenesis seems to require other factors to be triggered,
modification of the implant surface is very important to accelerate osseointegration [3].

Ti is known to be stable in biologic responses and not to trigger a foreign body reaction when
inserted into the human body [4,5]. Therefore, osseointegration was originally defined as the direct
contact between a loaded implant surface and bone at the microscopic level of resolution [1]. Recently,
this term has been interpreted from a new point of view: Osseointegration is essentially a demarcation
response to a foreign body of Ti when the Ti implant is immobile in bone [6]. This demarcation is
immune-driven and is classified as a type IV hypersensitivity [7]. Based on the original definition,
the modification of a Ti implant surface implies that the surface would be more biocompatible, thereby
increasing the bioaffinity of the hard tissue and accelerating the bone response to the surface. The new
standpoint on osseointegration suggests that the modified Ti surface would be recognized more
sensitively by the hard tissue, which would isolate this foreign body with a faster and stronger
accumulation of bone substances. Thus, the nature of osseointegration is under investigation at
present [8]. The detection of the actual bond between the bone and implant surfaces could support the
bioaffinitive nature of bone response to the surfaces [9,10]. Only friction and physical contact would
exist at the interface if the bony demarcation hypothesis is correct.

To date, implant surfaces have been modified in various ways under the bioaffinity concept for
osseointegration. Conventionally, the topography of the surface has been changed at the micro-level

Materials 2020, 13, 89; doi:10.3390/ma13010089 www.mdpi.com/journal/materials5
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(1–10 μm). At present, some chemical features and nanotechnologies have been added to the surfaces.
This review introduces several recent advancements of biocompatible implant surfaces with a few
representative micro-roughened modified surfaces. Since most implant surfaces used in the global
market have been made of commercially pure Ti (cp-Ti), especially grade 4 cp-Ti, this review is based
on the modification of a grade 4 cp-Ti surface.

2. Micro-Roughened Modification

2.1. Sandblasted, Large-Grit, Acid-Etched (SLA) Surface

The computer numerical controlled milling of cp-Ti manufactures screw-shaped endosseous dental
implants. The surface machined by this milling procedure, which is now called a turned Ti surface,
shows many parallel grooves in scanning electron microscopy (SEM). The turned surface experiences
no modification process, which has frequently served as a control to evaluate the biocompatibility
of modified surfaces. When an implant is inserted into the bone and the implant surface becomes
juxtaposed to the bone, bone healing (or osseointegration) on the surface is known to be fulfilled by
two mechanisms: distance and contact osteogenesis [2,11]. In distance osteogenesis, new bone starts to
be formed on the surfaces of bone. The direction of bone growth is from the bone towards the implant
surface (Figure 1A). In contact osteogenesis, or de novo bone formation, new bone formation begins
on the implant surface. The direction of bone growth is from the implant towards the bone, opposite
to that for distance osteogenesis (Figure 1B). When an endosseous implant with a turned surface is
placed into the jawbone, only distance osteogenesis occurs, which implies that more time is needed for
sufficient osseointegration to withstand masticatory forces [2,12]. The necessity of reduction in the
patient’s edentulous period has led the modification of an implant surface to accelerate bone healing.

 
Figure 1. Schematic diagram for the healing mechanisms of the bone surrounding an implant. (A) In
distance osteogenesis, the direction of bone formation is from the existing bone to the implant; (B) in
contact osteogenesis, however, the direction is opposite, from the implant to the existing bone, which is
known not to occur on the turned Ti (Titanium) surface without any modification.

The traditional approach to the surface modification of a Ti implant has been roughening at the
micro-level. One of the most successful surfaces in clinical dentistry is the sandblasted, large-grit,
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and acid-etched (or SLA) surface. An SLA Ti surface is made by sandblasting the turned Ti surface with
large-grit particles, the sizes of which range from 250 μm to 500 μm in general, and by acid-etching
the blasted surface. The acids for etching are usually strong acids including hydrochloric, sulfuric,
and nitric acids. SEM shows topographically changed irregularities on the SLA surface, with large
dips, small micropits, sharp edges, and pointed tips. Sa, one of the surface parameters defined as the
arithmetic mean height of the surface, is approximately 1.5 μm to 2 μm. Osteogenic cells migrate to the
roughened Ti surface through the fibrin clot that is formed at the peri-implant site after bone drilling for
implant insertion, and these cells appear to recognize the irregularities of the SLA surface as lacunae to
be filled with bone materials [2,13]. Contact osteogenesis occurs as the osteogenic cells secrete a bone
matrix. The occurrence of both contact and distance osteogenesis accelerates the osseointegration on
the SLA surface compared to the turned surface.

The Ti surface of a dental implant is originally hydrophobic [14]. Water (H2O) is considered to
have initial contact with the implant surface when the implant is inserted into the bone [15]. Therefore,
there have been attempts to add hydrophilicity to an SLA surface, since hydrophilicity is expected to
help accelerate the bone healing process [14,16]. A dental implant with a hydrophilic SLA surface,
commercially called SLActive (Institute Straumann AG, Basel, Switzerland), is made with a water rinse
of the original SLA implant in a nitrogen chamber and a packaging technique of storing the implant
in an isotonic sodium chloride solution with no atmospheric contact, and this hydrophilic implant is
being clinically used in the global market [17].

Regardless of whether an SLA surface is hydrophobic or hydrophilic, this dental implant surface
has shown excellent long-term clinical results [18–22]. A previous 10-year retrospective study
investigating more than 500 SLA Ti implants concluded that both the survival and success rates were
97% or higher [18]. The 10-year survival rate of SLA Ti implants was reported to be higher than 95%,
even in periodontally compromised patients, although strict periodontal interventions were applied
to these patients [20]. Similar results were found in 10-year prospective studies investigating the
survival rates of dental implants with SLA surfaces [19,21,22]. This modified surface, roughened at the
micro-scale, is one of the dental implant surfaces that has been most frequently tested in clinics for the
longest period.

2.2. Anodic Oxidation

The genuine biocompatible surface on the Ti dental implant is Ti oxide (TiO2), not Ti itself, which is
spontaneously formed when the Ti surface is exposed to the atmosphere. However, this Ti oxide layer is
very thin (a few nm in thickness) and is imperfect with defects [23]. Also, chemically unstable Ti3+ and
Ti2+ are known to exist in the oxide layer [24]. Therefore, there have been several techniques developed
to thicken and stabilize the Ti oxide layer, which is considered to increase the biocompatibility of the
surface [25–27]. When Ti becomes the anode under an electric potential in an electrochemical cell, Ti is
oxidized to be Ti4+, and the TiO2 layer is able to be thickened and roughened [15]. Topographically,
the oxidized Ti surface for a dental implant has many volcano-like micropores with various sizes,
which are observed in SEM. The surface characteristics of the anodized Ti surface depend on the applied
potential, surface treatment time, concentrations, and types of electrolytes [15,27]. The arithmetic mean
height of this surface, or Sa, is evaluated to be approximately 1 to 1.5 μm for dental use [28–31].

Osteogenic cells appear to recognize the topography of a dental implant surface although we
do not yet know which surface topography is more proper in bone healing, or if the irregularities of
the SLA surface are more effective for the osteogenic cell response than the microporous structure of
the anodized surface [32]. To date, no in vivo model has found any significant differences in bone
responses to the microtopographies of Ti dental implant surfaces [33,34]. What is definitely known
about implant surface topography is that the cp-Ti surfaces topographically modified at the microscale
accelerate osseointegration more than the turned surface, and these modified surfaces show superior
results to the turned surface during in vitro, in vivo, and clinical studies.
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The anodically oxidized Ti surface has shown superior results to the turned surface in various
in vitro tests and in vivo histomorphometry [31,34–36]. A previous meta-analytic study reported
lower failure rates of the oxidized Ti implants than those of the turned implants from the included
38 clinical investigations [37]. A prior retrospective and a 10-year prospective study concluded that
that success rates were higher than 95% for the TiUnite surface (Brånemark System, Nobel Biocare,
Göteborg, Sweden), which is a trade name for the oxidized Ti surface [38,39]. However, a recent
20-year randomized controlled clinical trial notably reported a similar marginal bone loss between
micro-roughened and turned Ti implants [40]. This clinical study used an identical implant design
with an implant-abutment connection structure and internal friction connection [40]. Identifying
which of the two factors (surface characteristics and implant design) is a major contributor to the
long-term clinical success of dental implants needs to be thoroughly investigated, although higher
success or survival rates have been steadily published for Ti dental implants with modified surfaces at
the micro-scale, compared to the turned implant [19,41,42].

3. Molecular Modification

3.1. TiO2 Nanotube

Anodic oxidation is extended to the modification of a Ti dental implant at the nanoscale
(1–100 nm). The electric current of the electrochemical cell, temperature, the pH values of electrolyte
solutions, the electrolytes, oxidation voltage, and oxidation time affect the nanotopographies of the
Ti surface [43,44]. In an electrochemical cell composed of Ti at the anode and platinum (or Ti) at
the cathode, the TiO2 layer is normally formed on the Ti implant surface of the anode [43]. In an
appropriate fluoride-based electrolyte, the nano-morphology of the TiO2 layer is changed, and the
aligned TiO2 nanotube layer is developed (Figure 2) [43].

Figure 2. Schematic diagram showing the formation of TiO2 nanotube arrays. In the electrolyte solution
containing hydrogen fluoride (HF), regular tube structures are formed on the Ti surface of the anode at
a nanoscale. When the structures are viewed on top, the circular forms of the tubules are found via
scanning electron microscopy. The binding between the nanotube arrays and Ti surface is generally
weak, and breakdown is frequent at the interface. The morphology underneath the tubes is hexagonal.

In the past, implant surface nanostructures were reported to have no effect on cell responses and
bone responses to dental implant surfaces and were thought to depend on the microtopographies of the
surfaces [45,46]. Optimal micro-roughness is known at present to be 1.5 μm in Sa and approximately
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4 μm in diameter of the surface irregularities [30,47]. However, a previous review article noted that the
microtopographies of the dental implant surfaces have a limited influence on the initial responses of the
in vivo hard tissue environment [48]. Presently, the nanotopographical features of Ti implant surfaces
have been known to be contributors to the initial biologic responses of the hard tissue, including
osteoblast activities and osteoclast reactions [44,49].

This modified surface with TiO2 nanotube arrays is highly biocompatible [44,50,51]. Both osteoblasts
and osteoclasts showed maximal cellular responses to Ti surfaces with TiO2 nanotubes that were
15 nm in diameter [52]. Interestingly, smaller TiO2 nanotubes, which were approximately 30 nm in
diameter, were more effective in the adhesion and growth of mesenchymal stem cells than larger TiO2

nanotubes that ranged from 70 nm to 100 nm, while the latter TiO2 nanotubes were more inductive
in the differentiation into osteoblast-like cells, although there is contrary to previous studies [52,53].
The modified TiO2 nanotubular surface showed excellent bone-to-implant contact in the osteoporotic
bone in an in vivo study using ovariectomized rats [54].

Another characteristic of this nano-modified surface is a drug delivery effect [55–58]. Drug release
from TiO2 nanotubes is associated with the dimensions of TiO2 nanotube arrays regardless of the
direct release or indirect discharge by nanocarriers [59]. The diameter and length of TiO2 nanotubes
generally increase as the voltage and duration of the oxidation process increase, and the drug release
has been found to be effective when the diameter is larger than approximately 100 nm [56,59,60].
A combination of this nano-modified TiO2 surface and carrier molecules, including micelles, is being
actively investigated for drug delivery at a constant rate, unrelated to the drug concentration and
release period [57,58,60].

The nanotopography of the TiO2 nanotubular surface has antibacterial properties alongside
delivering antibiotic drugs [61]. Streptococcus mutans, which are associated with the initial formation
of biofilm in the oral cavity, were reported to adhere to the TiO2 nanotube arrays less than to a
micro-roughened SLA surface [62]. The hydrophilic properties of TiO2 nanotubes seems to hinder
bacterial adhesion to the nanotubular surface [62]. However, it is notable that many studies have
described the wettability of the TiO2 nanotube arrays, showing conflicting results in cellular and
bacterial responses to the nanotubular surface [61,63,64]. Although the hydrophilicity of the TiO2

nanotube arrays is adjustable, some studies reported that the reduction of bacterial adhesion was due
to the hydrophilic properties of the surface, whereas other studies described that such a result was due
to the hydrophobic properties [61,63,64]. Further investigation is required to determine the mechanism
of bacterial and cellular responses to the wettability of Ti surfaces.

Despite that the modified surface with TiO2 nanotube arrays has very useful advantages (e.g.,
high biocompatibility, the capability of drug delivery, and antibacterial properties), this surface has
been neither applied nor tested clinically. The mechanical strength between the TiO2 nanotubes and the
base Ti surface is too weak for this surface to be applied to a dental implant [43]. Recently, the hexagonal
nano-structure of the base Ti surface was evaluated to be adequate for biologic application when the
TiO2 nanotube arrays are removed from the base surface in order to prevent the delamination of the
TiO2 nanotube coating in an in vivo environment (Figure 2) [44]. The aligned TiO2 nanotube-layered
surface has great potential in biologic and clinical applications [55–57,65]. However, it is necessary to
overcome this delamination problem before this TiO2 nanotubular surface is clinically used in the field
of dental implantology.

3.2. Functional Peptides

Water and ions have first contact with the implant surface when the bone is drilled for implant
insertion and a screw-shaped endosseous dental implant is placed into the bone. Then, the plasma
proteins adhere to the surface through ionic bridges (like a calcium ion linkage), and the fibrin clot
is formed. During hemostasis, extracellular matrix (ECM) proteins gradually replace the plasma
proteins [15]. The adhesion proteins, including fibronectin and vitronectin (which are also ECM
proteins), are recognized by the transmembrane proteins of osteogenic cells like integrins. Through
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binding of the transmembrane proteins to the osteogenic cells, the cells interact with ECM, which controls
the cellular activities for bone healing [66]. Therefore, the bone healing process starts from the
adhesion of the osteogenic cells to surfaces, and these adhesion proteins can play a role in accelerating
osseointegration into dental implants when the proteins are applied to the implant surfaces. Core amino
acid sequences, which are extracted from the original adhesion proteins and still have binding activities
to the transmembrane receptors, are very useful in rapid bone healing when the core sequences are
treated on the implant surfaces. These core functional peptides are considered to be more promising
candidates for implant surface treatment than the original proteins because of the lower antigenicity
and simpler adjustability of the peptides [67].

A functional peptide derived from the fibronectin, arginyl-glycyl-aspartic acid sequence, revealed
improved histomorphometric results when this peptide was coated on a Ti dental implant surface and
when this peptide-treated surface was compared to the uncoated surface [68]. Two functional amino
acid sequences derived from another adhesion protein, laminin, showed excellent results as accelerating
modifiers for Ti implant surfaces for osseointegration [35,67]. These functional peptides based on
the adhesion of osteogenic cells seem to surpass the effects of the microtopographical features of the
underlying Ti implant surfaces in bone healing, although further studies are definitely needed [35,69].
The mechanism behind the superior bone cell responses has been tried to be explained, based on
the hypothesized tunable allosteric control of the receptor proteins [67,70]. A recent investigation
evaluating a functional peptide from vitronectin found a Janus effect of this peptide for bone formation,
activating osteoblasts and inhibiting osteoclasts, that is, controlling the osteoporotic environment
locally to be favorable for osseointegration [71].

Cytokines, particularly growth factors, are another class of bioactive proteins. Bone morphogenetic
proteins (BMPs) are available for bone healing in the field of dental implantology. Human recombinant
BMP-2 (rhBMP-2) is used in the global market for bone regeneration. BMP-2 is known to have a direct
effect on osteogenic cells to promote bone formation with various interactions between this protein
and other bioactive molecules, including osteogenic genes [72,73]. However, these growth factors
have many problems to be solved before clinical application to Ti dental implant surfaces. BMP-2
has complicated biologic effects depending on its concentrations and surroundings; osteogenesis,
adipogenesis, and chodrogenesis, but osteolysis also occurs [72,74,75]. The rhBMP-2-treated Ti surface
was reported to make bone healing around a dental implant faster in an in vivo model [76,77]. However,
it is recognizable that growth factors are usually active in free forms, not in bound forms. Therefore,
these molecules are ineffective or, if any, limitedly active when the factors are bound or attached
to implant surfaces [78]. The cell transmembrane proteins that recognize these growth factors are
disengaged in the attachment of the cells [78]. Because of the multiple enigmatic effects of these growth
factors on living tissues and the growth factor receptors’ lack of involvement in cell adhesion, growth
factor-treated implant surfaces have not been used clinically until now.

Although these bioactive molecules, including the adhesion molecules and growth factors, have the
potential to be applied to dental implants for accelerated osseointegration, the Ti dental implants on
which these molecules are coated have not been clinically tested; there have been no published clinical
trials to report the results of such implants. The functional peptides from the adhesion molecules are
to be clinically tried and applied in dental implantology in the near future due to the simplicity in their
biologic effects and their low probability of side effects. For growth factors, it seems to be necessary to
find core amino acid sequences from growth factors to increase the clinical applicability of these factors.
Before these derived peptides are clinically tried, further studies are required on release strategies for
the molecules from the implant surfaces and on the biologic activities of the core peptides.

3.3. Fluoride Treatment (Cathodic Reduction)

When a Ti implant is a cathode in the hydrofluoric acid solution of an electrochemical cell,
a fluoride ion gives an electron to the cathode, where the reduction of a Ti ion occurs. As a result, a trace
amount of fluoride ions adheres to the Ti implant surface when the concentration of hydrogen fluoride
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is low in the solution. This trace amount of fluoride ions is known to primarily affect osteoprogenitor
cells and undifferentiated osteoblasts to enhance bone formation, rather than highly differentiated
osteoblasts [79,80]. Furthermore, fluoride is helpful for bone mineralization because of its properties
that are attractive for calcium [78]. However, fluoride ions are thought to become cytotoxic as the
number of ions increases on the Ti implant surface.

Clinically, a modified surface is used as a dental implant surface (Osseospeed, Astra Tech,
Dentsply, Waltham, MA, USA), which is fluoride-treated after the grade 4 cp-Ti is sandblasted with
TiO2 particles. This fluoride-modified surface has a very low amount of fluoride, which is difficult to
find by energy dispersive spectroscopy, while x-ray photoelectron spectroscopy is able to detect this
trace amount [81,82]. The average mean height of this marketed surface has been investigated to be
approximately 1.5 μm [30,82]. The fluoride-treated Ti surface has shown stronger binding between
the bone and this surface than the control Ti surface without fluoride-treatment [83,84]. However,
finding any significant differences in the histomorphometric results has been very rare when the
fluoride-treated dental implants have been compared in vivo to other modified implants, including
SLA implants, while some previous studies have been found to show more favorable results in
bone responses to the fluoride-treated surface than those to its predecessor with no application of
fluoride [78,82,85,86].

Dental implants with a fluoride-treated surface have exhibited high rates of success and survival
rates in clinical trials. These fluoride-treated implants have supported prosthodontic restorations in
edentulous mandibles with a 100% survival rate for ten years [87]. Regardless of the maxilla or the
mandible, high survival rates of over 95% have been reported for the surface-modified dental implants
in the prospective clinical studies, the observation periods of which are longer than 5 years [87–89].
It is notable and very interesting that these previous clinical studies have consistently reported the
vertical loss of bone surrounding the implants of less than 0.5–1 mm, which is interpreted as almost
no change of the bone level [40,87,89]. Importantly, these clinical studies used fluoride-treated dental
implants with the same implant macro-design, including an identical thread shape and internal
friction implant–abutment connection, so care must be taken when interpreting data in comparison
studies of the biologic responses between the dental implant systems [82]. It remains uncertain which
factor (surface chemistry in fluoride treatment, surface topography, implant–abutment connection
tectonics) is a major contributor to the biologic responses in humans to this marketed fluoride-treated
dental implant.

3.4. Hydroxyapatite and Other Calcium–Phosphorus Compounds

This idea of hydroxyapatite (HA) coating on a Ti dental implant surface is based on the fact that
the main component of bone is HA. HA (Ca10(PO4)6(OH)2) is still the most commonly-utilized coating
material for Ti dental implant surfaces [90]. HA and other calcium-phosphorus coating materials are
basically osteoconductive to the surrounding bone. The biologic features of these materials, such as
their biodegradation properties and foreign body reactions, seem to depend on calcium/phosphorus
ratios, crystallinities, and coating thicknesses [31,90–93]. Plasma spraying (a conventional atmospheric
plasma-spray method) is one of the most widely used methods to coat HA on a Ti implant surface [90].
HA particles that are contained and heated in a plasma flame whose temperature is approximately
15,000 to 20,000 Kelvin are sprayed on the Ti surface, resulting in a HA coating layer that is 50–100 μm
in thickness [94]. The spray parameters, including the flame combination and spraying flow rate,
affect the chemical and physical features of the HA coating [92].

The HA coating is biocompatible with the hard tissue, showing direct contact with bone and
the attachment of osteoblasts on the coating surface [95,96]. Many studies have reported enhanced
bone apposition and the prevention of metal-ion release into the bone from metal implants with an
HA coated surface [97–101]. However, the HA coating layer has some critical issues to be addressed.
Like the TiO2 nanotube arrays, the delamination of the coating layer from the Ti dental implant surface
is one of the problems (adhesive failure) [92]. Delaminated or worn HA particles hinder bone healing
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and provoke inflammation around the implant inserted into the bone [92,102]. The thick coating
layer is able to make a breakage inside the layer, especially at the implant in a load-bearing area
(cohesive failure) [92]. Recently, a thin calcium–phosphorus coating layer has been achieved and
investigated using various coating techniques [76,93,101,103]. Compared to the plasma sprayed HA
coating, however, the other calcium–phosphorus coatings are considered to lack long term clinical
results [104,105].

The five-year clinical success rate of the HA coated implant has been evaluated to be approximately
95% [106]. However, this success rate has dropped markedly to below 80% after 10 years of implant
placement [106–108]. Such a low success rate may result from the above-mentioned problems of the HA
coating layer. It is notable, however, that these clinical evaluations resulted from the data of cylindrical
implants [107,108]. A previous study using HA coated screw-shaped implants (MicroVent, Zimmer
Dental, Carlsbad, CA, USA) reported that the long-term clinical success rate (> 10 years) was higher
than 90% [109]. Nevertheless, clinical trials are certainly necessary to evaluate the calcium–phosphorus
coating more precisely.

3.5. Photofunctionalization

In 1997, it was determined that the wettability of the TiO2 surface is increased by ultraviolet
(UV) radiation [110]. Originally, the UV-induced TiO2 surface is amphiphilic—both hydrophilic and
oleophilic [110]. However, the enhanced biologic effect of this surface is considered to be caused by the
hydrophilic properties. Such hydrophilicity and elimination of hydrocarbon contamination on the
TiO2 surface are known to be the mechanisms behind further activated bone responses to a dental
implant in UV-mediated photofunctionalization. The hard tissue affinity drops for an aged Ti surface
that has been stored for longer than two weeks [111]. UV irradiation on the Ti implant surface appears
to make the Ti surface reactivate, as the implant is freshly made.

UV radiation is subcategorized into three types according to its wavelengths and dermal biologic
reactions to the electromagnetic waves: UVA, UVB, and UVC [112]. The wavelengths of UVA
range from 320 to 400 nm, and those of UVC range from 200 to 280 nm [113]. Both UVA and UVC
contribute to increasing the hydrophilicity of the Ti surface. However, considering the fact that some
reports show the promoted osteogenic activities on hydrophobic surfaces, the removal of carbon
from the Ti surface, which is caused by UVC, is likely a fundamental mechanism behind excellent
osseointegration [114–117]. Strictly, neither UVA nor UVC appears to make a topographic change at the
nano-scale on the Ti surface [115,117]. Friction force microscopy shows a nano-scale modification that
UV irradiation may produce by converting Ti4+ to Ti3+ [110]. UV treatment on the Ti surface enhances
the adsorption of proteins, such as albumin and fibronectin, which are plasma proteins in the human
body [118]. UV-photofunctionalized implant surfaces show improved osteogenic cell attachment,
spreading, and proliferation [117]. The antibacterial effects are described for the UV activation of the Ti
surface [112]. Faster bone responses to UV-treated Ti surfaces are reported in various in vivo studies,
some of which show almost 100% bone-to-implant contact [117–120].

A previous clinical study showed that the stability of implants inserted into the patients’ jaw
bones increased more rapidly when the implants were UV-photofunctionalized [121]. The retrospective
clinical studies concluded that UV-mediated photofunctionalization reduced early implant failure,
and the success rate of the photofunctionalized implants was 97.6% during the functional loading
period of approximately 2.5 years [122,123]. No prospective long-term clinical study (published in
English) evaluating UV-mediated photofunctionalization has yet been found in the field of implant
dentistry. However, a prospective clinical evaluation of UV-treated implants over more than 5 years is
expected to be published shortly.

3.6. Laser Ablation

For laser ablation, an implant whose collar, or neck area, was treated by laser micromachining
to generate nano-channels is used (Laser-Lok, BioHorizons, Birmingham, AL, USA) [124,125].
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Laser ablation is also able to produce micro-scale patterns by controlling laser processing
parameters [126]. This approach was intended to promote not only fast osseointegration, but also
connective tissue attachment [124,127]. The connective tissue fiber direction in the soft tissue attachment
is known to be perpendicular to the laser-microtextured Ti implant surface, which is characteristically
different from the general orientation of the fibers parallel to implant surfaces [127,128]

This marketed laser-modified surface (Laser-Lok) showed significantly improved bone-to-implant
contact in a previous in vivo study, compared to a turned Ti surface [129]. The survival rate was
evaluated to be 95.6% in a two-year retrospective multicenter study and to be 94% in another 5-year
retrospective controlled study [127,130]. Recently, the prospective three-year results of a randomized
clinical trial were reported for single implant-supported restorations with the laser-modified Ti implant
surface, where the survival rate was estimated to be 96.1% [131]. Both the hard and soft tissue responses
to the laser-modified Ti surface appear to be favorable [127,130–132]. However, long-term prospective
clinical results of laser micromachining are still needed.

4. Concluding Remarks

When the bone is prepared for implant placement, surgical trauma provokes bleeding and
hemostasis. Moreover, this surgical trauma activates the growth and differentiation factors released
from the bone debris and matrix [15]. Surface modification of the Ti dental implant focuses on
improving such initial biologic responses to the implant surface. Researchers and dental clinicians
anticipate the best performance of the implant surfaces during these initial events and more readily
establish these events by changing the physical and chemical properties of the surfaces, thereby
boosting the speed and strengthening the quality of the healing process [133]. However, as the
long-term clinical studies show, implant-supported prostheses have been used for a long time in
patients’ mouths. Therefore, the modified surfaces also need to harmonize with the bone remodeling
process, which has not yet been investigated. This paper reviews several modified surfaces of dental
implants that are widely used in the global market or are highly possible to be clinically used. All these
reviewed surfaces are targeted to accelerate early bone responses. The late responses of the hard tissue
to the surfaces, including bone remodeling, need to be investigated. Moreover, long-term clinical trials
are still required for these implant surfaces.
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Abstract: We evaluated the shear bond strength of bone–implant contact, or osseointegration, in the
rabbit tibia model, and compared the strength between grades 2 and 4 of commercially pure titanium
(cp-Ti). A total of 13 grades 2 and 4 cp-Ti implants were used, which had an identical cylinder
shape and surface topography. Field emission scanning electron microscopy, X-ray photoelectron
spectroscopy, and confocal laser microscopy were used for surface analysis. Four grades 2 and 4
cp-Ti implants were inserted into the rabbit tibiae with complete randomization. After six weeks
of healing, the experimental animals were sacrificed and the implants were removed en bloc
with the surrounding bone. The bone–implant interfaces were three-dimensionally imaged with
micro-computed tomography. Using these images, the bone–implant contact area was measured.
Counterclockwise rotation force was applied to the implants for the measurement of removal
torque values. Shear bond strength was calculated from the measured bone–implant contact and
removal torque data. The t-tests were used to compare the outcome measures between the groups,
and statistical significance was evaluated at the 0.05 level. Surface analysis showed that grades 2
and 4 cp-Ti implants have similar topographic features. We found no significant difference in the
three-dimensional bone–implant contact area between these two implants. However, grade 2 cp-Ti
implants had a higher shear bond strength than grade 4 cp-Ti implants (p = 0.032). The surfaces of the
grade 2 cp-Ti implants were similar to those of the grade 4 implants in terms of physical characteristics
and the quantitative amount of attachment to the bone, whereas the grade 2 surfaces were stronger
than the grade 4 surfaces in the bone–surface interaction, indicating osseointegration quality.

Keywords: osseointegration; titanium; bone–implant interface; shear strength; torque

1. Introduction

Modern endosseous dental implants have been used widely in dental practice since the Toronto
conference in 1982 [1,2]. Modern implants have demonstrated reliable longevity and success, and have
become a routine dental therapeutic protocol in edentulous patients. However, the bonding mechanism
between the bone and the dental implant is still unclear.

Bone-to-implant contact (BIC) in dental implantology is defined as the direct attachment of bone
to an implant observed on an undecalcified histologic slide under a light microscopic view without
intervening soft tissue. The nature of BIC, whether a real bond exists between the bone and implant or
only simple contact, remains unknown [3]. BIC has been suggested to be hard tissue encapsulation,
or the bony isolation of the osseointegrated dental implant [4–6]. If such a foreign body reaction
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is the case, it is highly possible that BIC should be a simple physical attachment between the bone
and implant. Therefore, if the implants have identical physical features, such as surface topography
and implant design, the shear bond strength or removal torque per unit area of implant would be
similar, regardless of the material compositions on implant surfaces. Conversely, different bond
strengths imply osseointegration quality at the interface, which suggests the bone has biologic affinity
depending on materials, rather than the bony isolation. To the best of our knowledge, no calculation of
the interfacial binding per unit area has been published to test whether BIC is only frictional or has its
own quality.

This study was designed to test the hypothesis that no significant difference would be found in
the removal torque per unit of bone contact area, calculated by micro computed tomography (CT), in a
comparison of interfacial bindings composed of grades 2 and 4 commercially pure titanium (cp-Ti),
if BIC is a simple contact between the bone and implant. The grades 2 and 4 cp-Ti implants used had
an identical geometry and microstructure.

2. Materials and Methods

2.1. Implant Preparation

Twenty-six experimental implants (Deep Implant System, Seongnam, Korea) were prepared,
composed of a different grade of cp-Ti: Grade 2 and 4 (n = 13 for each grade). All the implants were
conventional external hex designed, 3.0 mm in diameter, and 4.0 mm in length. The implants were
formed without thread and surface modification: Solid rod or cylindrical design and turned surface
(Figure 1A).

Figure 1. Cont.
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Figure 1. Schematic diagram of the specimens used in this study and the arrangement of the specimens.
(A) The implant specimens had a simple geometric form: a cylinder that facilitates biomechanical
calculations. (B) The grades 2 and 4 commercially pure titanium implants were installed into rabbit
tibiae according to the Latin Square randomization technique. The distance between the centers of the
proximal and distal implants was approximately 10 mm. (C) The three-dimensional (3D) bone–implant
interfaces were reconstructed via digital image processing. A bone–implant contact surface is shown
here. Note that the image of the bone is cut and processed in 30-μm thicknesses.

2.2. Surface Characteristics Analysis

Nine cp-Ti grades 2 and 4 implants were used in the surface character analysis test. Three surface
analysis tests were performed for implants of each cp-Ti grade: Field emission scanning electron
microscopy (FE-SEM), X-ray photoelectron spectroscopy (XPS), and confocal laser microscopy (CLSM).
The FE-SEM (model S-4700, Hitachi, Tokyo, Japan) was used to capture several scaled images of
each implant surface (n = 3). XPS (Sigma Probe, Thermo Fisher Scientific, Waltham, MA, USA) was
used to identify the elemental content and quantify the atomic concentration of the tested surfaces;
measurements were repeated three times for each specimen (n = 3). CLSM (LSM 800, Carl Zeiss
AG, Oberkochen, Germany) was used to measure the surface topographical features of implant
sides on three different areas (measurement area: 150 μm × 150 μm on a 200 × optically- and 3 ×
digitally-magnified image) for each specimen (n = 3). The images were filtered using a Gaussian
low-pass filter with a cut-off wavelength of 80 μm. The average surface deviation (Sa) and developed
surface area ratio (Sdr) were measured.

2.3. In Vivo Implant Surgery and Euthanasia

The animal study was approved by the Ethics Committee of the Animal Experimentation of
the Institutional Animal Care and Use Committee (CRONEX-IACUC 201702001; Cronex, Hwasung,
Korea). All the animal study procedures, including animal selection, management, preparation,
and surgical protocols, were performed according to the guidelines of Animal Research: Reporting In
Vivo Experiments (ARRIVE) [7]. We installed grades 2 and 4 cp-Ti implants in two male New Zealand
white rabbits, each weighing 2.5 to 3.0 kg and aged about six months. They showed no sign of disease
or illness before the experiment. Two implants were installed in each rabbit tibia using a standard
Latin Square design (Figure 1B). Prior to surgery, the rabbits were anesthetized with an intramuscular
injection of tiletamine/zolazepam (15 mg/kg; Zoletil 50, Virbac Korea, Seoul, Korea) and xylazine
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(33 mg/kg; Rompun, Bayer Korea Ltd., Seoul, Korea). The animals received an intramuscular injection
of 33 mg/kg Cefazolin (Yuhan, Seoul, Korea), a preoperative prophylactic antibiotic. The skin of
each rabbit’s proximal tibia area was shaved with an electric shaving machine and sterilized with
povidone iodine solution, and local anesthetic, lidocaine (1:100,000 epinephrine; Yuhan, Seoul, Korea),
was injected into each surgical site. The skin was incised with a surgical blade, and full-thickness
periosteal flap reflection was performed to expose each tibia. The implant preparation drilling was
conducted on the flat surface of the tibia using a 3-mm-diameter final dental implant drill under
simultaneous sterile saline irrigation. The implant was inserted into the drill hole so that the top
of the implant was 0.5 mm above the upper cortex of the rabbit tibia without contacting the lower
cortex using a silicone ring. Four implants were installed into each rabbit—two grade 2 cp-Ti implants
and two grade 4 cp-Ti implants—in a Latin Square design (2 × 2 Latin Square, n = 4). After the
insertion of the implants, the surgical sites were sutured layer by layer. We allowed a relatively
long healing period to present similar bone–implant contacts for the two different types of implants.
Rabbits were sacrificed after six weeks of bone healing by intravenous administration of potassium
chloride following anesthetization. The implants were exposed by full thickness periosteal elevation
and retrieved en bloc with the adjacent bone collar.

2.4. Measurement of Three-Dimensional Bone–Implant Contact Area

CT imaging of the harvested implants and bone was performed using a Quantum GX μCT imaging
system (PerkinElmer, Hopkinton, MA, USA), located at the Korea Basic Science Institute (Gwangju,
Korea). The X-ray source was set to 90 kV and 88 μA with a 10 mm field of view (voxel size = 20 μm;
scanning time = 57 min). The CT data were visualized using the Quantum GX’s three-dimensional
(3D) viewing software. 3D images of the implant specimens and bone growth were constructed.
Image processing for the calculation of the bone–implant contact area was described in a previous
study [8]. Briefly, following scanning, the images were segmented using Analyze software version 12.0
(AnalyzeDirect, Overland Park, KS, USA) and filtered to reduce imaging noise. Then, the dataset was
manually reoriented using Analyze software to visualize standard coronal, sagittal, and horizontal
planes through the implants. The images were reformatted to cubic volume (3D) with a resliced 30-μm
image thickness of the surface area on the implant outer surface for the cross-sectional and longitudinal
axes. The segmentations of implant and bone-growth images were also performed on Analyze software.
As such, 3D rendering of the implants and bone growth was completed. To determine the bone volume
on the implant surface in 30-μm thicknesses, the original scanned images were rotated by 10 degrees
and the segmentations and 3D rendering were repeated. These 18 repetitions produced the overall 3D
bone growth image on the implant surface in 30-μm thicknesses (Figure 1C). The 3D BIC area was the
bone formation area on the cylindrical surface of the implant. Assuming that the volume in 30-μm
thicknesses was homogeneously filled with bone, the 3D BIC area was determined by dividing the
bone volume by the thickness (30 μm).

2.5. Measurement of Shear Bond Strength of Bone and Implant

After CT scanning, implant removal torque values were measured within 24 h. The experimental
implants had no thread and no fixation via screw action. The constant-speed counter-clockwise
rotation of the implant or collar bone results in the disintegration of the BIC or shear bond failure.
This continuous removal torque test produces accurate and uniform results [9,10]. Implant removal
torque was measured with a motorized torque test stand (TSTM, Mark-10 Co., Long Island, NY, USA).
The rotation speed was 0.3 rpm for the lowest angular speed to ensure peak implant removal torque
was not skipped between sampling intervals (65 samples/s). The peak implant removal torque was
selected from the time–torque curve data. The shear bond strength (MPa) between the bone and
osseointegrated dental implant, or binding force per unit area in this study, was calculated by dividing
the peak implant removal torque (Ncm) by the determined 3D BIC area (mm2) and the implant radius
(1.5 mm). The units were adjusted before calculation.
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2.6. Statistics

The independent t-test was used to determine the statistical significance of the surface roughness
parameters, Sa and Sdr, between the grade 2 and 4 cp-Ti implants. The paired t-test was used to
compare the 3D BIC area and the shear bond strength between the groups. All data were evaluated at
the significance level of 0.05.

3. Results

3.1. Surface Characteristics Analysis

The FE-SEM image of each surface area is shown in Figure 2. The grades 2 and 4 cp-Ti
surfaces show similar surface characteristics, which resulted from the computer numerical control
machining manufacturing process. The results of the CLSM analysis showed that the means of Sa
were 0.49 ± 0.082 μm for grade 2 cp-Ti implants and 0.45 ± 0.088 μm for grade 4 cp-Ti implants. No
significant difference was found for Sa between the Ti grades (p = 0.63). The means of Sdr were
16.9% ± 1.5% for the grade 2 implant group and 14.4% ± 2.1% for the grade 4 implant group, and no
significant difference was found between the groups (p = 0.18). These results indicate that the grades 2
and 4 cp-Ti implants used in this study had similar surface topographical features. However, surface
chemistry depended on the Ti grades. The XPS showed that the atomic composition of the grade 2
cp-Ti surface was significantly different from that of the grade 4 surface (Table 1).

Figure 2. Field emission scanning electron microscopy (FE-SEM) images of commercially pure titanium
of (A) grade 2 and (B) grade 4. Many machining grooves were observed. Similar surface characteristics
were found for both grades, which implies that the influence of topographical features on the biological
response should not be different between the commercially pure titanium grades used in this study.

Table 1. The atomic composition of surfaces of grades 2 and 4 commercially pure titanium (cp-Ti)
obtained by X-ray photoelectron spectroscopy (XPS).

Element Cp-Ti Grade 2 Cp-Ti Grade 4 p-Value

Carbon (C) 3.66% ± 0.21% 4.03% ± 0.39% 2.3 × 10−1

Oxygen (O) 1.15% ± 0.10% 3.21% ± 0.29% 3.0 × 10−4 *
Iron (Fe) 0.26% ± 0.02% 0.39% ± 0.05% 2.0 × 10−2 *

Titanium (Ti) 94.93% ± 0.32% 92.38% ± 0.13% 2.1 × 10−4 *

* Statistically significant.
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3.2. Three-Dimensional Bone–Implant Contact Area and Shear Bond Strength

The bone–implant contact surface area and three-dimensional bone–implant contact ratio are
summarized in Table 2. The means and standard deviations of the contacted surface area for grades 2
and 4 cp-Ti implants were 12.7 ± 1.2 mm2 and 11.5 ± 1.6 mm2, respectively. The 3D bone–implant
contact percentages of grades 2 and 4 cp-Ti implants were 33.6% ± 3.2% and 30.5% ± 4.3%, respectively.
Neither the contacted surface area nor the 3D bone–implant contact showed any statistical difference
between the two grades. The peak implant removal torques of grades 2 and 4 cp-Ti implants were
2.9 ± 0.4 Ncm and 1.9 ± 0.3 Ncm, respectively. The shear bond strength of grade 2 cp-Ti implants
was 1.5 ± 0.2 MPa, which was statistically significantly higher than that of the grade 4 cp-Ti implants,
which was 1.1 ± 0.1 MPa (p = 0.032) (Table 2).

Table 2. Three-dimensional bone-to-implant contact (BIC) area and shear bond strength.

Grade 2 cp-Ti Grade 4 cp-Ti p-Value

3D BIC area (mm2) 12.7 ± 1.2 11.5 ± 1.6 0.35
3D BIC ratio (%) 33.6 ± 3.2 30.5 ± 4.3 0.35

Implant removal torque (Ncm) 2.9 ± 0.4 1.9 ± 0.3 0.052
Torque per unit (Ncm/cm2) 23.2 ± 3.5 16.5 ± 1.0 0.032 *
Shear bond strength (MPa) 1.5 ± 0.2 1.1 ± 0.1 0.032 *

* Statistically significant.

4. Discussion

The grades 2 and 4 cp-Ti implants used in this study showed similar surface topographic features
in SEM images and CLSM analysis. The grade 2 cp-Ti implants showed higher shear bond strength
than the grade 4 implants despite the similar 3D bone–implant contact ratios between these two grades.
Considering the significant differences in the compositions between the grades 2 and 4 cp-Ti surfaces,
the bone response was evaluated to be stronger to grade 2 than to grade 4. The results of this study
suggest that the bone would have its own affinity, depending on the materials, and that an actual bond
would exist in addition to the physical contact and friction between bone and an implant surface [3].
Although further verification studies are required, the osseointegration phenomenon of a Ti dental
implant appears to be a bioaffinitive response to the Ti surface beyond the bony isolation.

The pull-out test of integrated implants has been widely adopted to test osseointegration
strength [11–15]. However, we used rotating force instead of pull-out force because the removal
direction for the pull-out test could be nonparallel to the long axis of the implant, imposing
unintentional lateral force on the implant, which can introduce measurement error. This adverse
effect was minimized in this study by using rotational force for implant removal and a motorized
torque test stand to simplify adjustment to the long axis [10].

This study compared the grades 2 and 4 implants using the rabbit tibia model. Sample size
determination and randomization are important to reduce the number of sacrificed animals [7].
Following the guidelines of the 3Rs (replacement, reduction, and refinement) of ARRIVE, this study
used the 2 × 2 Latin Square design, which minimized the sample size and accomplished complete
randomization in the arrangement of the implant groups [7]. Considering the standard deviation
of the 3D BIC area and ratio measures, the number of sacrificed animals (two) was estimated to be
adequate although sample size calculation was not performed in this study, which would require more
animals than two.

Many studies reported significant differences in the amount of bone–implant contact when
implant surfaces were topographically changed [16]. Further studies are needed to evaluate the
effects of surface topography on the quality of osseointegration. A roughened surface increases the
bone–implant area, increasing the physical interlocking between bone and the surface, which would
result in the same shear bond strength or removal torque per unit area when the implant surfaces,
topographically changed or not, have the same chemical composition. Conversely, the topographical
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change could have a qualitative influence on the bone–implant contact, which remains to be
verified. In addition, further studies are required to evaluate osseointegration qualities by comparing
the bone–implant contact and shear bond strength at the different phases of bone healing after
implant placement.

5. Conclusions

Grades 2 and 4 cp-Ti surfaces with similar topographical features showed different bond strengths
in the bone–implant contact. Considering the results of this study, an actual bond may occur between
bone and a Ti dental implant surface beyond the physical attachment of bone to the surface.
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Abstract: Ultraviolet (UV) photofunctionalization has been suggested as an effective method to
enhance the osseointegration of titanium surface. In this study, machined surface treated with
UV light (M + UV) was compared to sandblasted, large-grit, acid-etched (SLA) surface through
in vitro and in vivo studies. Groups of titanium specimens were defined as machined (M), SLA,
and M + UV for the disc type, and M + UV and SLA for the implant. The discs and implants
were assessed using scanning electron microscopy, confocal laser scanning microscopy, electron
spectroscopy for chemical analysis, and the contact angle. Additionally, we evaluated the cell
attachment, proliferation assay, and real-time polymerase chain reaction for the MC3T3-E1 cells. In a
rabbit tibia model, the implants were examined to evaluate the bone-to-implant contact ratio and
the bone area. In the M + UV group, we observed the lower amount of carbon, a 0◦-degree contact
angle, and enhanced osteogenic cell activities (p < 0.05). The histomorphometric analysis showed
that a higher bone-to-implant contact ratio was found in the M + UV implant at 10 days (p < 0.05).
In conclusion, the UV photofunctionalization of a Ti dental implant with M surface attained earlier
osseointegration than SLA.

Keywords: dental implants; titanium; osseointegration; photofunctionalization; ultraviolet light;
surface treatment

1. Introduction

Dental implant restorations to replace missing teeth have become a routine practice in dental
clinics. Using the implants as a prosthesis helps patients feel more comfortable and these implants
are more functional compared to the traditional removable dentures [1–3]. For successful implant
restorations, osseointegration must be achieved between the bone and the implant. Osseointegration is
the direct structural and functional connection between living bone and the surface of a load-carrying
implant [4], and it is an essential factor in achieving a successful implant. Generally, it is necessary to
wait for several months after implant placement for osseointegration to be achieved [5]. Unsuccessful
osseointegration leads to the early failure of implants, meaning that the implants cannot endure
masticatory forces, resulting in implant mobility or pain [6,7]. This includes other time-consuming
situations, such as an edentulous area with limited bone quantity, or problems in patients with
osteoporosis, diabetes, cancer, irradiation, old age, and heavy smokers [8–10].

The original implant surface was a smooth machined surface, with an approximate Sa value
of 0.5 μm [11,12]. This machined surface has certain advantages, including a simple manufacturing
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process (turning and polishing) and the ability to maintain a good hygienic state, resulting in a
low incidence of peri-implant disease [12,13]. However, implants with a machined surface have
shown a low bone-to-implant contact ratio (BIC) and a frequent failure of osseointegration before
loading [14]. To enhance the osseointegration process, various surface modifying techniques have
since been developed, where a roughened surface has demonstrated the best clinical long-term results.
There are various roughening techniques, although the sandblasted, large-grit, acid-etched (SLA)
surface is the most widely used and reported technique. The SLA surface sufficiently differentiates
the pre-osteoblastic cells, enhances the osseointegration process, and leads to a higher BIC compared
to the machined surface [15,16]. However, the roughened surface has been reported to accelerate
plaque accumulation, wherein it is more difficult to remove plaque on the roughened surface than on
the machined surface [12]. In this regard, reports show a greater incidence of peri-implant disease
stemming from the use of the roughened surface compared to the machined surface [17].

Meanwhile, the photofunctionalization of implants using ultraviolet (UV) light has been
highlighted as a simple and effective method to stimulate osseointegration in machined surfaces [18–20].
UV photofunctionalization is a phenomenon of changes occurring in titanium (Ti) surfaces after UV
treatment. The process was discovered in 1977, where UV treatment transforms the natural hydrophobic
properties of Ti surfaces into superhydrophilic properties by altering the physicochemical properties
of the Ti. The process has been applied in environmental engineering and microbiology [21,22].
UV treatment creates the hydrophilic phase on the surface structure, thereby transforming the
surface into a hydrophilic surface [23]. Photofunctionalization is also reported to enhance biological
capabilities [18,19]. Consequently, the purpose of this study was to evaluate the effect of UV
photofunctionalization on implants with a machined surface compared to the SLA surface, using an
in vitro and in vivo study.

2. Materials and Methods

2.1. Ti Samples, Surface Analysis, and UV Treatment

2.1.1. Preparation of the Ti Disc and Implant

In this experiment, commercially pure grade 4 Ti was tested in the shape of a disc (10 mm in
diameter and 1 mm in thickness) and a screw-shaped implant (3.3 mm in diameter and 7 mm in length).
The surface of the specimen was treated using the following methods: (a) M: The machined surface
was turned and polished using sandpaper (600–1000 times); (b) SLA: The surface was sandblasted
with alumina (Al2O3) particles, which were 50 μm in size and acid-etched, using hydrochloric acid
and sulfuric acids (SLA surface; Point Implant Co., Seoul, Korea); and (c) M + UV: Machined surface
treated with ultraviolet (UV) light. For the disc type, all the three surface treatments were examined for
a negative control (M), a positive control (SLA), and an experimental group (M + UV). For the implant
type sample, two surface treatments, i.e., the control (SLA) and the experimental group (M + UV),
were investigated.

2.1.2. Surface Analysis

Three samples were used in each group for each examination. We performed field emission
scanning electron microscopy (FE–SEM; Hitachi S-4700, Hitachi, Tokyo, Japan) for a qualitative
evaluation of the overall surface image. This was followed by a confocal laser scanning microscope
(CLSM; LSM 800, Carl Zeiss AG, Oberkochen, Germany), where the surface roughness was
quantitatively measured. The surface roughness parameters—arithmetical mean height (Sa), root mean
square height (Sq), and developed interfacial area ratio (Sdr)—were measured at three randomly
selected points in each sample. In addition, the chemical composition was analyzed using electron
spectroscopy for chemical analysis (Sigma Probe, Thermo VG, East Grinstead, UK). Furthermore, the
surface wettability of the Ti discs was examined using the contact angle from the sessile drop method,
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as measured by a contact angle meter (Pheonix 150, SEO, Kyunggido, Korea). All the procedures were
performed under controlled conditions of 20 ◦C temperature and 46% humidity.

2.1.3. UV Light Treatment

UV light treatment was achieved by irradiating the Ti discs in a specially manufactured generator
using four 15 W bactericidal lamps (G15T8, Sankyo Denki, Tokyo, Japan), for at least 48 h. The intensity
was approximately 5 mW/cm2 (λ = 254 ± 20 nm).

2.2. In Vitro Experiment

2.2.1. Cell Culture

Murine pre-osteoblast MC3T3-E1 cells were purchased from ATCC (American Type Culture
Collection; Manassas, VA, USA). The cells were seeded onto the discs (1 × 104 cells/well) in a 12-well
culture plate (Nunc, Roskilde, Denmark), and then cultured in α-minimum essential medium (α-MEM;
Thermo Fisher Scientific, Waltham, MA, USA) supplemented with a 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin. The cells were incubated at 37 ◦C under a humidified atmosphere of 95%
air and 5% CO2. The culture medium was replaced every three days, and the osteogenic medium
contained 10 mM β-glycerophosphate and 50 μg/mL ascorbic acid in the α-MEM.

2.2.2. Cell Attachment

At 24 h after being seeded, the cell attachment was dual-stained using fluorescent dyes:
4′,6-diamidino-2-phenylindole (DAPI; Invitrogen, Carlsbad, CA, USA) and Alexa Fluor 568 phalloidin
(Invitrogen, Carlsbad, CA, USA) to detect the nucleus and actin filaments, respectively. Fluorescence
was visualized by a CLSM (LSM 800, Carl Zeiss AG, Oberkochen, Germany), and analyzed with the
ZEN2010 software (Carl Zeiss, Oberkochen, Germany).

2.2.3. Cell Proliferation

The proliferative activity of cells was measured using a methyl thiazolyl tetrazolium (MTT)
assay (Sigma-Aldrich, St. Louis, MO, USA) at 1, 3, and 7 days after being seeded. The culture
media was replaced with an MTT solution and incubated for 3 h at 37 ◦C. After removing the MTT
solution, 0.5 mL of 10% dimethyl sulfoxide in isopropanol (iDMSO) was added for 30 min at 37 ◦C.
Then, the proliferation rate was assessed by its optical density (OD) at 570 nm. The value of the OD
was measured using a microplate reader (BioTek, Winooski, VT, USA).

2.2.4. Cell Differentiation

Total RNA in the cell cultures was extracted using the TRIzol method described by Chomczynski
at 1, 4, 7, 10, and 14 days after osteoblast differentiation [24]. A reverse transcriptase–polymerase chain
reaction (RT–PCR) was performed with primer sets for type I collagen (Col), alkaline phosphatase (Alp),
and osteocalcin (Ocn), as described in Table 1. Quantitative real-time PCR was performed using a Takara
SYBR premix Ex Taq (Takara Bio, Kusatsu, Japan) on a 7500 real-time PCR system (Applied Biosystems,
Foster City, CA, USA). Each primer contained a final concentration of 200 nM, and a quantity of
cDNA corresponding to 50 ng of total RNA. The PCR primers were synthesized using Integrated
DNA Technology (Coralville, IA, USA). According to the manufacturer’s instructions, the PCR cycling
conditions comprised 40 cycles at 95 ◦C for 5 s, and 60 ◦C for 34 s after denaturation at 95 ◦C for 30 s.
The cycle threshold (Ct) values were acquired using the automated threshold analysis in the Sequence
Detection software version 1.4 (Applied Biosystems, Foster, CA USA). Each target mRNA expression was
calculated using the comparative cycle threshold method according to the manufacturer’s instructions.
The relative mRNA expression levels were normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The GAPDH mRNA expression levels remained steady during the osteoblast differentiation,
showing similar Ct values.
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Table 1. Primer sequences for the reverse transcriptase–polymerase chain reaction (RT–PCR).

Gene Forward Primer (5′-3′) Reverse Primer (5′-3′)
Col 1 GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG
Alp 2 GGCTACATTGGTCTTGAGCTTTT CCAACTCTTTTGTGCCAGAGA
Ocn 3 CTGACAAAGCCTTCATGTCCAA GCGCCGGAGTCTGTTCACTA

1 Type I collagen; 2 Alkaline phosphatase; 3 Osteocalcin.

2.3. In Vivo Experiment

2.3.1. Animals

The rabbit tibia model was used. All the procedures were conducted with the approval of the
Ethics Committee of Animal Experimentation of the Institutional Animal Care and Use Committee
(CRONEX-IACUC 201803003; Cronex, Hwasung, Korea), according to the guidelines of Animal
Research: Reporting In Vivo Experiments (ARRIVE).

Thereafter, four female New Zealand white rabbits (3–4 months old and 2.5–3.0 kg in weight)
were anesthetized via a 1 mL intramuscular injection with a dose of 15 mg/kg of tiletamine/zolazepam
(Zoletil 50, Vibrac Korea, Seoul, Korea) and 5 mg/kg of xylazine (Rompun, Bayer Korea, Seoul, Korea).
Then the tibiae of the rabbits were shaved and disinfected with povidone iodine solution. Local
anesthesia was administered in the surgical area with 2% lidocaine containing 1:100,000 epinephrine
(Yuhan Co., Seoul, Korea).

2.3.2. Surgical Procedure

A full-thickness flap was made on the medial side of both tibiae, followed by exposure of the
underlying bone. In each tibia, two holes for implant placement were drilled bicortically using
implant surgical drills under copious sterile saline irrigation. The diameter of the drills was increased
sequentially, with a final drill diameter of 2.8 mm. Then, the implant with a diameter of 3.3 mm was
inserted into the hole and engaged bicortically with sufficient stability. The SLA and M + UV implants
were allocated to each hole based on a 2 × 2 Latin square randomization. Following the implant
placement, the periosteum and fascia were sutured with 4-0 resorbable polyglactin material (Vicryl,
Ethicon, Somerville, MA, USA), and the skin was sutured with 4-0 monofilament nylon (Blue nylon,
Ailee, Busan, Korea). Post-operatively, each rabbit was kept in a separate cage and administered with
5 mg/kg of enrofloxacin (Komibiotril, Komipharm International Co., Siheung, Korea) for seven days.

2.3.3. Sacrifice and Microcomputed Tomography (Micro-CT)

Two experimental animals were sacrificed at 10 days and the other two animals at 28 days after
the surgery by an intravenous overdose of potassium chloride. The implants were surgically harvested
en bloc with the surrounding bone. Then the implant–bone blocks were immediately immersed in
a 10% neutral buffered formalin fixative. Micro-CT imaging was performed using a SkyScan 1275
(Bruker microCT, Kontich, Belgium). The X-ray source was set at an acceleration voltage of 100 kV and
a pixel size of 10 μm. Each sample was scanned three times, using 360◦ spiral scanning on the SkyScan
1275 with a scanning time of 2 h. Reconstruction was performed using an NRecon (v. 1.7.3.2, Bruker
microCT). The region-of-interest (ROI) was defined as the area within consecutive threads engaged in
the upper cortical bone (Figure 1a). The analysis was performed using the CTAn software (v. 1.18.4.0,
Bruker microCT; Figure 1b), and it also involved the visualization software DataViewer (v. 1.5.4.0,
Bruker microCT) and CTVox (v. 3.3.0, Bruker microCT).
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Figure 1. (a) The schematic drawing of the region-of-interest (ROI). The ROI was defined as
an area within threads engaged in the upper cortical bone (red dot box); (b) microcomputed
tomography (micro-CT) images for the measurement of the bone-to-implant contact ratio (BIC);
(c) the bone-to-implant contact ratio (BIC) was calculated by the length of the green line divided by the
total length of the well (green and red line); (d) the definition of the bone area (BA) was calculated by
the area of red color divided by the total area of the well.

2.3.4. Histological Preparation and Histomorphometric Measurement

After μCT scanning, the implant–bone blocks were dehydrated in a series of ethanol with
increasing concentrations and then embedded in light-curing resin (Technovit 7200 VLC, Hereaus
Kulzer, Hanau, Germany). The embedded blocks were sectioned perpendicular to the longitudinal
axis of the implant using the EXAKT system (EXAKT Apparatebau, Norderstedt, Germany), following
the method described by Donath and Breuner [25]. The section was then ground to a thickness of
40 μm and stained with hematoxylin and eosin (H&E) for examination using a light microscope. These
undecalcified, ground sections were observed under a light microscope (BX51, Olympus, Tokyo, Japan)
to measure the BIC and bone area (BA; Figure 1c,d). The region-of-interest (ROI) was defined as the
same area that was used in the micro-CT analysis. The measurement was performed under a ×100
magnification, using the SPOT software version 4.0 (Diagnostic Instruments, Sterling Heights, MI,
USA) and Image-Pro Plus (Media Cybernetics, Rockville, MD, USA).

2.4. Statistical Analysis

The Kruskal–Wallis test was used to evaluate statistically significant differences amongst the three
groups of discs. If there was a significant difference amongst the three groups, the post-hoc Tukey
method was applied. To compare the two groups of implants, the Mann–Whitney U test was performed
to determine the statistically significant differences. p < 0.05 was set as the statistical significance.
All statistical analyses were performed using SPSS 20.0 (IBM Corp., Armonk, NY, USA).
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3. Results

3.1. Surface Characteristics

In the overall evaluation of the Ti samples via the FE–SEM images, the M and M + UV surfaces
showed similar evidence of machine turning (continuous straight traces) with smooth surfaces, although
the SLA surface presented a rougher surface with a typical honeycomb appearance (Figures 2a and 3a).

Figure 2. (a) Scanning electron microscopy (SEM) images of the Ti discs. M: Machined surface (top
row); SLA: Sandblasted with large grit and acid etched surface (middle row); M +UV: machined surface
treated with ultraviolet light (bottom row). Scale bars: 10 μm. (b) Surface roughness (Sa and Sq) and
surface area ratio (Sdr) of the Ti discs evaluated by confocal laser scanning microscopy (CLSM) analysis.
The values for the M and M + UV surfaces are similar and smaller than the SLA. (c) Element content of
the surfaces of the Ti disc according to the energy dispersive x-ray spectrometer (XPS). M + UV shows a
significantly lower carbon percentage than the M disc, but there is no significant difference between the
SLA and M + UV. (d) The changes in wettability of the Ti discs. Superhydrophilicity after UV treatment
for 48 h was observed. Scale bars: 10 mm. (e) The value of the contact angle of the Ti discs. Without
UV treatment, the Ti disc was hydrophobic, but became superhydrophilic (zero degree angle) after
UV treatment for 48 h. Error bars show the standard deviation. (*) and (**) represents significance
compared with each pair, p < 0.05 and p < 0.01, respectively.

Surface roughness parameters for the samples are shown in Figures 2b and 3b. In the disc
specimen, the SLA surface showed higher Sa, Sq, and Sdr values, and these were significantly different
from the M and M + UV surfaces (p < 0.01). There was no statistical difference between the M and
M + UV surfaces (p > 0.05). Similarly, for the implant specimen, the M + UV and SLA surfaces were
statistically different across all the parameters (p < 0.05).

Chemical compositions from the x-ray spectrometer (XPS) revealed that, compared with the
43.42% ± 0.31% carbon in the M disc, the M + UV disc contained about 32.35% ± 1.50% carbon, which
was statistically different (p = 0.000). The SLA showed 31.87% ± 1.42% carbon, with no significant
difference from the M + UV disc (p = 0.051). On the other hand, the M + UV implant showed a
significantly lower carbon percentage compared to the SLA implant (p = 0.049; Figures 2c and 3c).
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Figure 3. (a) Scanning electron microscopy (SEM) images of the Ti implants. SLA: Sandblasted with
large grit and acid etched surface (top row); M + UV: Machined surface treated with ultraviolet light
(bottom row). Magnification: ×30, ×1000, ×2000, and ×5000 from the left. (b) Surface roughness (Sa
and Sq) and surface area ratio (Sdr) of the Ti discs according to the confocal laser scanning microscopy
(CLSM) analysis. The values of the M + UV surfaces are smaller than the SLA, which means it is
smoother than the SLA. (c) Element content of the surfaces of the Ti discs according to the energy
dispersive x-ray spectrometer (XPS). The M + UV discs contain half of the carbon percentage of the
SLA discs. Error bars show the standard deviation. (*) represents the significance compared with each
pair, p < 0.05.

Contact angle measurement was performed for the disc-type specimens. The M and SLA discs
showed a hydrophobic status with angles of 63.6 ± 4.7◦ and 68.3 ± 2.5◦, respectively. On the other
hand, 48 h after UV treatment, the M + UV discs showed superhydrophilicity at a 0◦ contact angle
(p = 0.000; Figure 2d,e).

3.2. In Vitro Test

3.2.1. Cell Attachment

The CLSM images of the cells are shown in Figure 4a. A wider spread of cells was observed in the
M + UV groups compared to the other groups. In the SLA discs, the cells were sharp and needle-like
shaped, implying that the osteoblasts were not prone to attach to the SLA surfaces.

3.2.2. Cell Proliferation

The MTT assay showed that the amount of cells increased in a time-dependent way on all the
surfaces. On the M + UV surface, the cells proliferated more significantly than the other surfaces at
days 1, 3, and 7, with a p-value of less than 0.01, as shown in Figure 4b. On day 7, the amount of
cells on the M + UV surface was two times greater than cells on the SLA surface (0.068 ± 0.0005 vs.
0.040 ± 0.001, p = 0.000). In particular, at day 3 and 7, the cells proliferated more on the M surface than
on the SLA surface.

3.2.3. Quantitative Assessment of the Osteogenic Markers

Figure 4c shows the relative mRNA expression of Col, Alp, and Ocn. The RT–PCR analysis
showed that Col was more significantly expressed on the M + UV and SLA surfaces at days 7, 10, and
14 compared to the M surface, although the M + UV and SLA surfaces were not significantly different.
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The expression level of Alp on the SLA surface was not different from the M + UV surface at days 1
and 4, but it was significantly higher than the expression levels at days 7, 10, and 14. The M + UV
surface expressed the Alp gene more than the M surface at days 4, 7, and 14. The expression level of
Ocn on the M + UV surface was significantly higher at day 7, but it was lower at days 10 and 14.

Figure 4. (a) Confocal microscopic images of the MC3T3-E1 cells, 24 h after being seeded on the Ti
discs. The areas in the dotted box are magnified in the bottom row. Scale bars: 50 μm at ×100 and
20 μm at ×200 magnification. (b) Evaluation of cell proliferation of the MC3T3-E1 cells by an MTT
assay at 1, 3, and 7 days after being seeded on the Ti discs. (c) Evaluation of the cell differentiation
of MC3T3-E1 cells by real-time PCR at 1, 4, 7, 10, and 14 days after being seeded on the Ti discs. The
relative mRNA expression levels were normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The osteogenic markers are type I collagen (top), alkaline phosphatase (ALP, middle), and
osteocalcin (OCN, bottom). UV photofunctionalization enhanced the osteoblastic gene expression.
Error bars show the standard deviation. (*) and (**) represent the significance compared with each pair,
p < 0.05 and p < 0.01, respectively.

3.3. In Vivo Test

3.3.1. Histomorphometry

All the implants were successfully osseointegrated at days 10 and 28 (Figure 5a). At day 10, the
BIC ratios of the M + UV implants (55.93% ± 6.19%) were significantly higher than that of the SLA
implants (43.38% ± 3.20%, p = 0.021). However, at day 28, the BIC ratios of the M + UV implants
(64.88% ± 5.35%) were not significantly different from that of the SLA implants (59.93% ± 6.44%,
p = 0.149; Figure 5b).
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Figure 5. (a) Representative histologic sections of the rabbit tibia at 10 and 28 days after the implant
placement. In the SLA implant, the osteoblast and organic matrix, which had not mineralized yet,
was more observable on the interface between the bone and implant compared to the M + UV implant
(red arrow head; magnification ×12.5, ×40, and ×100 from the left, hematoxylin and eosin staining).
The scale bars: 1 mm at×12.5, 200μm at×40, and 100μm at×100 magnification. (b) The bone-to-implant
contact ratio (BIC) was evaluated histologically at days 10 and 28. The M + UV implant shows a
significantly higher BIC than the SLA at day 10, but there is no significant difference at day 28. (c) The
bone area ratio (BA) evaluated histologically at 10 and 28 days. The M +UV implants show significantly
more BA than the SLA at days 10 and 28. (d) The bone-to-implant contact ratio evaluated by micro-CT
(3D BIC) at days 10 and 28. The M + UV implants show a significantly higher 3D BIC than the SLA
at day 10, but there is no significant difference at day 28. Error bars show the standard deviation.
(*) represents the significance compared with each pair, p < 0.05.

In terms of the BA, the M + UV implants were significantly higher compared to the SLA implants
(46.55%± 8.59%) at day 10 (65.09%± 10.42% vs. 46.55%± 8.59%, p= 0.042) and at day 28 (72.70%± 5.52%
vs. 61.83% ± 4.89%, p = 0.043; Figure 5c).

3.3.2. Micro-CT

The three-dimensional BIC was evaluated using micro-CT. The micro-CT analysis revealed that
the three-dimensional BIC of the M + UV implants was significantly higher than that of the SLA
implants at day 10 (88.87% ± 5.1% vs. 81.6% ± 3.28%, p = 0.046), but it was not statistically different at
day 28 (91.91% ± 1.55% vs. 87.47% ± 2.93%, p = 0.201; Figure 5d).
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4. Discussion

In this study, we found that UV photofunctionalization on a Ti screw-shaped implant with an
M + UV surface showed a higher BIC than the SLA surface at day 10, and there was no significant
difference at day 28. This was confirmed in both two-dimensional and three-dimensional measurements.
The results indicated that the UV photofunctionalization could accelerate the osseointegration process,
and achieve firm fixation between the implant and the surrounding bone earlier. These findings are
supported by other studies, where Park et al. found that after four months of healing, the UV-treated
implants in rabbits showed a higher BIC than the untreated implants. The authors observed that UV
treatment decreased both carbon impurities on the surface and water contact angles [26]. Similarly,
Aita et al. showed that the UV-treated acid-etched implants at week two had a push-in value equivalent
to the untreated acid-etched implant [18]. Pyo et al. measured the removal torque test in UV-treated
implants and showed that it was 50% higher than in untreated implants [27]. Hirota et al. retrospectively
studied and found that the use of photofunctionalization reduced the risk of early implant failure with
an odds ratio of 0.30 (p < 0.05) [28]. Soltanzadeh studied the effect of UV photofunctionalization on
immediately loaded implants in a rat model. After the placement, the implants were immediately
loaded with 0.46 N of static lateral force. The results showed that osseointegration was successful in
100% of photofunctionalized implants, but 28.6% of untreated ones. The value of the push-in test was
2.4 times higher in photofunctionalized implants [29].

Histologically, the BA was significantly higher at days 10 and 28 in the M + UV compared to
the SLA implants, meaning that the M + UV implant had a higher amount of mineralized bones
between threads of implants. Pyo et al. evaluated the osteogenic dynamics using fluorescent labeling
at four weeks after implant placement; and found that in the UV-treated implant, the interfacial areas
between the bone and implant and the areas within the threads were filled with calcein-positive tissues
compared to the untreated implants. This meant that UV photofunctionalization could lead to earlier
bone deposition [27]. Ueno et al. showed that the UV-treated acid-etched implant had a marked
bone formation in a gap healing model without cortical support [20]. Kitajima et al. measured the
implant stability quotients (ISQ) for 55 photofunctionalized implants with low and extremely low
initial stability at the time of placement and stage-two surgery. Then they calculated the ISQ increase
per month, defining the osseointegration speed index (OSI). The OSI ranged 3.9–4.7 substantially
higher than the OSIs for untreated implants reported in other literatures (0.36–2.8) [30]. Ijishima et al.
evaluated the effect of photofunctionalization on aged rats. The aged rats showed considerably lower
biological capabilities (cell attachment, proliferation, and ALP activity) than the young. However,
the enhancement of cell attachment and differentiation were observed on the photofunctionalized Ti
discs compared with untreated one. Moreover, in the femurs of aged rats, the photofunctionalized
mini-implant showed the higher push-in value than untreated one after two weeks of healing. These
findings supported that UV photofunctionalization could be also valuable in the compromised sites [31].

Generally, the surface roughness is considered as a main factor for the improvement of
osseointegration. However, in this study, UV treatment did not physically change any surface
roughness as shown in the SEM and CLSM. Rather, it induced superhydrophilicity (0◦ angle),
reduced the percentage of hydrocarbons, and increased the osteoblast proliferation, attachment, and
differentiation, as shown in the in vitro study. This indicated that the only physico-chemical changes
in the Ti surface could enhance the biological activities. In the XPS analysis, Roy et al. found that
UVC photon energy decreased carbon deposition and the amount of H2O on Ti surface, and produced
many –OH groups (TiOH) without any changes in surface topography. They explained that, through
these chemical changes, the UV photofunctionalization could create the superhydrophilicity of Ti.
The improvement of biological capabilities by UV photofunctionalization was supported by other
studies [32]. Aita et al. showed that Col and osteopontin (Opn) were more expressed in the UV-treated
discs [18]. The RT–PCR analysis performed by Zhang et al. showed that the expression of genes
encoding Col, Runx2, BMP, and Opn increased in the UV-treated surface [33]. In contrast, Att et al.
assessed the RT–PCR of genes for Opn and Ocn in bone marrow cells derived from the femur of
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eight-week-old male Sprague-Dawley rats, and found that there was no significant difference at days
10 and 20. The differences may have been caused by the kinds of cells, time points, and intensity and
wavelength of the UV generator. Further research is required to elucidate this aspect.

With regard to plaque accumulation and peri-implant disease, the implant with a smooth surface
is considered to be superior to an implant with a rough surface. Berglundh et al. observed that, at five
months after the removal of ligature, bone loss accelerated in the SLA implant but not in the polished
implant. Histologically, the size of the inflammatory lesion and the area of plaque were larger in
the SLA surface [12]. Additionally, Albouy et al. compared the turned and the roughened implant
(Ti-Unite), at six months after the ligature removal, and observed a larger amount of bone loss in the
Ti-Unite implant compared to the turned implant (1.47 mm vs. 0.3 mm). This meant that spontaneous
progression of peri-implantitis had occurred in the implant with a rough surface [17]. However, the
machined implant had a definite drawback in that it had a low BIC level, because the osteoblastic
differentiation was lower compared to the smooth surface [34,35]. Therefore, the enhancement of
osteoblastic differentiation on the Ti with an M surface by UV photofunctionalization is considered
to be inspired. Additionally, UV photofunctionalization itself could decrease plaque formation on Ti
surface. De Avila et al. found that after 16 h incubation, there were significantly lower oral bacterial
attachment on the UV-treated Ti disc compared to the untreated one [36].

The hydrophilicity of the implant surface can be induced by UV photofunctionalization [18–20,27,37]
or preservation in a storage medium [38–40]. Both methods are effective and can improve the bone
healing process and attain early osseointegration. However, the latter method has been reported to
lead to foreign deposition and little elimination of hydrocarbons on the Ti surface. Moreover, the saline
storage method is inferior to UV photofunctionalization in osteoblast spreading and adhesion [41].
Considering this point, UV treatment is considered a safer method to modify the implant surface to
make it hydrophilic. On the other hand, Att et al. mentioned that, in UV photofunctionalization,
the superhydrophilicity is not a significant factor in explaining the higher BIC in the UV-treated Ti
discs compared to the acid-etched ones. The elimination of hydrocarbon on the surface was considered
to be a significant factor [19]. The aging of the Ti is related to the contamination and accumulation of
the hydrocarbon on the Ti surface, and it can suppress cell recruitment and biologic activity [42,43].

The combination of variables such as duration, intensity, and wavelength can create various
modes of UV photofunctionalization, noting that the optimal combination is a controversial issue.
The exposure time has been used from 12 min to 48 h [44,45]. However, Aita et al. and Att et al. have
shown that, between 24 and 48 h, there was an increase in hydrophilicity and biological effects [18,19].
Additionally, treatment with UVC (λ = 240 ± 40 nm) has shown more biological improvements
compared to UVA (λ = 360 ± 40 nm). Consequently, in our experiment, to maximize the effects of UV,
the mode of UV photofunctionalization was determined as UVC treatment for 48 h.

There are still several questions regarding UV photofunctionalization. Strictly, the UV light
treatment used in this study may be called physical photo-activation, rather than functionalization,
because no chemical application to the surface, which have been shown in the previous studies,
were used for enhanced bone response [11,46]. More obvious concept of the UV surface treatment
needs to be established in the physical and chemical aspects. Amongst several factors following UV
photofunctionalization, we also still need to identify the main factors for the enhancement of biological
activity, superhydrophilicity, and removal of hydrocarbon. If they contribute to the improvement, there
is a need to understand the mechanism through which they are inter-connected. Therefore, further
studies are needed to fully appreciate the effects of UV photofunctionalization.

5. Conclusions

Within the limitations of the present study, UV photofunctionalization of a Ti dental implant
with an M surface attained an earlier osseointegration compared to an implant with an SLA surface.
The enhancement was considered to result from the superhydrophilicity, the elimination of hydrocarbon
on the surface, and the improvement of osteoblastic activities.
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Abstract: In this study, we evaluated early bone responses to a vitronectin-derived, minimal core
bioactive peptide, RVYFFKGKQYWE motif (VnP-16), both in vitro and in vivo, when the peptide
was treated on sandblasted, large-grit, acid-etched (SLA) titanium surfaces. Four surface types
of titanium discs and of titanium screw-shaped implants were prepared: control, SLA, scrambled
peptide-treated, and VnP-16-treated surfaces. Cellular responses, such as attachment, spreading,
migration, and viability of human osteoblast-like HOS and MG63 cells were evaluated in vitro
on the titanium discs. Using the rabbit tibia model with the split plot design, the implants were
inserted into the tibiae of four New Zealand white rabbits. After two weeks of implant insertion,
the rabbits were sacrificed, the undecalcified specimens were prepared for light microscopy, and the
histomorphometric data were measured. Analysis of variance tests were used for the quantitative
evaluations in this study. VnP-16 was non-cytotoxic and promoted attachment and spreading of the
human osteoblast-like cells. The VnP-16-treated SLA implants showed no antigenic activities at the
interfaces between the bones and the implants and indicated excellent bone-to-implant contact ratios,
the means of which were significantly higher than those in the SP-treated implants. VnP-16 reinforces
the osteogenic potential of the SLA titanium dental implant.

Keywords: vitronectin; RVYFFKGKQYWE motif; cellular responses; dental implants; osseointegration

1. Introduction

Attachment of cells is the first step in cell–biomaterial interactions [1]. The transmembrane
proteins on the cell membrane recognize and bind biomacromolecules adsorbed on the surface of
the biomaterial [1]. These biomacromolecules are from the extracellular matrix (ECM), controlling
cellular behaviors such as attachment, spreading, proliferation, and differentiation depending on
the interacting transmembrane receptors [2]. Therefore, these ECM biomolecules, if applied to the
titanium dental implant surface, are anticipated to have potential in reinforcing osseointegration [3–5].
One candidate molecule is vitronectin.

Vitronectin, one of the ECM proteins, is an abundant multifunctional glycoprotein found in
serum, the extracellular matrix, and bone, and is involved in various physiological processes such
as cell attachment, spreading, and migration [6–8]. Vitronectin contributes to healing of the bone
surrounding a dental implant by promoting the attachment and spreading of the osteogenic cells [9,10].
This ECM protein appears to play a major role in initial bone healing by reorganizing the intracellular

Materials 2019, 12, 3400; doi:10.3390/ma12203400 www.mdpi.com/journal/materials43



Materials 2019, 12, 3400

microfilaments and microtubules, which facilitates cell attachment and spreading [11–13]. However,
the use of such an original protein has several critical limitations: a high cost for synthesis, antigenicity
and instability of the molecule, and steric hindrance of this macromolecule in focal adhesion [5,14,15].
A functional peptide derived from the parent protein is a notable alternative, overcoming these
limitations and maintaining the original biological activity [3,5,9,14,16,17]. In addition, bioactive
peptides have advantages over larger protein molecules due to their robustness and sterilizability [18].
Recently, a vitronectin-derived functional peptide sequence, RVYFFKGKQYWE (VnP-16), has shown
a Janus regulation for bone formation: promotion of osteoblast activity and inhibition of osteoclast
activity, which is a desirable effect for osteogenesis that vitronectin does not have [9]. The VnP-16
peptide promoted bone formation by accelerating osteoblast differentiation and activity through direct
interaction with β1 integrin followed by focal adhesion kinase (FAK) activation. Concomitantly,
the peptide inhibited bone resorption by restraining Janus N-terminal Kinase (JNK)-c-Fos-nuclear
factor of activated T cells, cytoplasmic 1 (NFATc1)-induced osteoclast differentiation and αvβ3
integrin-c-Src-proline-rich tyrosine kinase 2 (PYK2)-mediated resorptive function. Moreover, VnP-16
peptide decreased the bone resorbing activity of pre-existing mature osteoclasts without changing their
survival rate [9].

The functionalization of a titanium implant via the immobilization of desirable proteins or their
bioactive peptides in their native conformations is a promising approach to overcome the bioinertness
of the surface, leading to improved osseointegration [18,19]. Several methodologies, including
physical adsorption, covalent immobilization via chemical methods, and covalent immobilization
via physical methods, have been investigated since the inception of protein functionalization on
titanium substrates [19]. Physical adsorption is the simplest method to immobilize proteins on titanium
substrates. Chemical immobilization, the most established of the protein functionalization approaches,
proved that it was possible to covalently immobilize proteins to titanium substrates, overcoming the
unintentional protein release observed in adsorption approaches. Physical covalent immobilization
of biomolecules is the most recent approach to dental and orthopedic biomimetic functionalization,
and possesses advantages over adsorption and chemical covalent immobilization [19]. Other methods
on peptide-functionalization of titanium surfaces are also reported. Control of both peptide orientation
and surface concentration is achieved by varying the solution pH or by applying an electric field [18].
In addition, multifunctional coating improves cell adhesion on titanium surfaces by using cooperatively
acting peptides [20].

A micro-roughened surface of commercially pure titanium has been clinically used in the field of
implant dentistry [10]. A sandblasted large-grit acid-etched (SLA) surface with approximately 1.5 μm
of arithmetic mean deviation is known to accelerate osseointegration at the bone-implant interface,
compared to the turned surface with no modification at the micro-level [10,21,22]. The application of
VnP-16 to the SLA surface increases clinical relevance in the further enhancement of bone formation
and makes use of dental implants extended to patients suffering from bone metabolic weaknesses, like
osteoporosis. The VnP-16-treated SLA titanium surface has not been investigated yet.

This study aimed to evaluate the early bone response to the VnP-16-treated SLA titanium surface
in vivo. In vitro tests were also performed using osteoblast-like cells. The hypothesis underlying
this study was that the application of VnP-16 would further reinforce the osteogenic potential of the
SLA surface.

2. Materials and Methods

2.1. Cells, Peptides, and Reagents

HOS and MG-63 cells, lines derived from human osteosarcomas, were purchased from the
American Type Culture Collection (Rockville, MD, USA) and cultured in Dulbecco’s modified Eagle’s
medium (Gibco BRL, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum. Each peptide
was synthesized using the 9-fluorenylmethoxycarbonyl-based solid-phase method with a C-terminal
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amide using a Pioneer Peptide Synthesizer (Applied Biosystems, Foster City, CA, USA) in the
Peptron (Daejeon, Korea). The synthetic peptides used in the study had a purity greater than 95%,
as determined using high-performance liquid chromatography. Human plasma vitronectin was
obtained from Millipore (Bedford, MA, USA).

2.2. Disc Preparation and Surface Characterization

Titanium disc specimens, which were 0.5 mm thick and 10 mm in radius, were made of
commercially pure grade 4 titanium. The discs, serving as control, were prepared by polishing
with #600 and #1200 sandpaper. The other discs were subjected to sandblasting with large alumina
particles and etched with a hydrochloric acid solution to generate the SLA surface (Deep Implant
System, Seongnam, Korea). The SLA titanium discs were rinsed, ultrasonically washed, and dried.
One group of the SLA discs was left untreated, another was treated with a scrambled peptide (SP;
10.5 μg/cm2), and the other was treated with VnP-16 (10.5 μg/cm2).

The surfaces of the four types of disc were imaged using field emission-scanning electron
microscopy (FE-SEM; S-4700, Hitachi, Tokyo, Japan). The element composition of each group was
analyzed by electron spectroscopy for the chemical analysis (ESCA; Sigma Probe, Thermo Scientific,
Waltham, MA, USA). Confocal laser scanning microscopy (CLSM; LSM 800, Carl Zeiss AG,
Oberkochen, Germany) calculated two surface parameters for surface topography of the investigated
discs; arithmetic mean deviation (Ra) and the developed surface area ratio (Sdr) [23].

2.3. Cell Attachment and Spreading Assays

The cell attachment assay was performed as described previously [9]. The physical adsorption
method was used for the application of peptides. Twenty-four-well culture plates were coated with
0.26 μg/cm2 human plasma vitronectin for 24 h at 4 ◦C or 10.5 μg/cm2 synthetic peptides for 24 h at room
temperature, blocked with 1% heat-inactivated bovine serum albumin (BSA) in phosphate-buffered
saline (PBS) for 1 h at 37 ◦C, and then washed with PBS. Cells (1 × 105 cells/500 μL) were added to
each plate and incubated in serum-free culture medium for 1 h at 37 ◦C. After incubation period,
unattached cells were removed by rinsing twice with PBS. Attached cells were fixed with 10% formalin
for 15 min, stained with 0.5% crystal violet for 1 h, gently washed with distilled water three times,
and dissolved with 2% sodium dodecyl sulfate for 5 min. Absorbance was measured at 570 nm
using a microplate reader. For cell-spreading assay, cells (7 × 104 cells/500 μL) were added to each
substrate-coated plate and incubated for 3 h at 37 ◦C. To determine cell spreading, formalin-fixed
and crystal violet-stained cell surface area was measured with Image-Pro plus software (Version 4.5;
Media Cybernetics, Silver Spring, MD, USA).

2.4. Migration Assay

Migration assays were performed using a transwell migration chamber (Corning, Pittston,
PA, USA) possessing 8 μm pores as described previously [24]. The lower side of each transwell filter
was coated with vitronectin (0.26 μg/cm2), or synthetic peptides (10.5 μg/cm2) by drying for 24 h at
4 ◦C (vitronectin) or for 24 h at room temperature (peptides). Cells (2 × 104 cells/24-well) were seeded
in the upper chamber of a transwell filter and allowed to migrate for 24 h at 37 ◦C. Cells were then
fixed with 10% formalin for 15 min and stained with 0.5% crystal violet. Unmigrated cells in the upper
side of the transwell filter were removed with a cotton swab, and cell migration was quantified by
counting the number of cells that had migrated through the filter. Human placental laminin was used
as the positive controls and SP was used as the negative control.

2.5. Cell Viability Assay

The viabilities of cells were investigated using the EZ-Cytox Cell Viability Assay kit (water-soluble
tetrazolium salt method; Daeil Lab Service, Seoul, Korea). A 96-well microplate was coated with
VnP-16 peptide (0, 10.6, 21.2, or 42.4 μg/cm2) by drying for 24 h at room temperature. Cells (1.5 ×

45



Materials 2019, 12, 3400

104 cells/100 μL) were seeded onto a 96-well microplate and then cultured for 24 h or 48 h at 37 ◦C.
The water-soluble tetrazolium salt reagent solution (10 μL) was added to each well, and the plate was
incubated for 2 h at 37 ◦C. The absorbance at 450 nm was then measured using a microplate reader.

2.6. In Vivo Experiment

Sixteen screw-shaped grade 4 titanium implants were made, which were 3.5 mm in major diameter
and 11 mm in length (Warantec, Seongnam, Korea). Four implants were used as they were without any
surface modification and designated as turned surface (control). The surface of another four implants
was SLA (Deep Implant System, Seongnam, Korea). Half of the rest of the eight implants were treated
with SP while the other half were treated with VnP-16 (1.0 mg/cm2). Using the physical adsorption
method, the Ti implants were placed on 0.2 ml PCR tubes and coated with the synthetic peptides by
drying for 7 d in a vacuum at room temperature.

All the animal experiments performed in this study were approved by the Ethics Committee
of Animal Experimentation of the Institutional Animal Care and Use Committee (CRONEX-IACUC
201705001; Cronex, Hwasung, Korea). These experiments were conducted following the Animal
Research: Reporting In Vivo Experiments (ARRIVE) guidelines for the care and use of laboratory
animals [25]. Four New Zealand white rabbits were used in this study, which were male, approximately
five to six months in age and 2.5 to 3.0 kg in weight. The experimental animals were intramuscularly
anesthetized with a dose of 15 mg/kg tiletamine hydrochloride and zolazepam hydrochloride (Zoletil,
Virbac, Carros, France) and 5 mg/kg xylazine (Rompun, Bayer AG, Leverkusen, Germany). The skin hair
was shaved at the tibial area of the rabbits, which was disinfected with aqueous iodine. A full-thickness
incision from the skin to the periosteum of the tibiae was made, and the flaps were elevated to expose
the medial surfaces of the tibiae. Drilling was conducted for to make the holes on the medial surfaces
for implant insertion. The final diameter of the holes was 3.2 mm. Two implants were inserted into
each tibia and arranged according to the split plot design. The periosteum and fascia were sutured with
4-0 polyglactin 910 (Vicryl, Ethicon, Somerville, NJ, USA) while the skin was sutured with 4-0 Nylon
(Ethilon, Ethicon, Somerville, NJ, USA). Each experimental animal was housed in a separate cage and
an antibiotic, enrofloxacin, (Biotril, Komipharm International, Siheung, Korea) was administered to
prevent infection.

2.7. Light Microscopic Evaluation

The rabbits were sacrificed under general anesthesia with the intravenous administration of
potassium chloride at 14 days after implant insertion. The implants were removed en bloc with the
surrounding bones and fixed in 10% neutral buffered formalin for 2 weeks. After formalin fixation,
each implant-bone block was dehydrated with ethanol. Then, the blocks were resin-embedded
(Technovit 7200, Heraeus Kulzer, Hanau, Germany) and ground for light microscopy using an EXAKT
system (EXAKT Apparatebau, Norderstedt, Germany), according to the methods described in the
previous studies [23,26]. Sections of the implant-bone blocks were prepared with a final thickness
of approximately 50 μm and modified Goldner’s Masson trichrome staining [27]. The interfacial
areas between the bones and implants were observed and evaluated from the bone crests to 2 mm in
depth for histomorphometry, where bone-to-implant contact (BIC) and bone area (BA) ratios were
calculated. The image analyses and the histomorphometric calculations were performed on ×100
magnified images using a light microscope (BX51, Olympus, Tokyo, Japan), SPOT version 4.0 software
(Diagnostic Instruments, Sterling Heights, MI, USA) and Image-Pro Plus (Media Cybernetics, Rockville,
MD, USA).

2.8. Statistics

Descriptive statistics for the data were presented as the mean ± standard deviation (SD).
The statistical analyses were performed with R software (version 3.6.1, R Foundation for Statistical
Computing, Vienna, Austria). All the data obtained in this study were confirmed to be normally
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distributed by the Shapiro–Wilk test. Analysis of variance tests were used for comparisons among
the groups. When a significant difference was found, Tukey’s honestly significant difference test was
further applied for pairwise comparison. The level of significance was 0.05 in this study.

3. Results

3.1. Surface Characteristics

The FE-SEM images of the specimens showed very different topographical features between
the polished and SLA surfaces (Figure 1A). Some grooves on the overall flat surfaces were found
for the polished specimens, while a honeycomb-like irregular topography was observed for the SLA
specimens. The treatments of SP and VnP-16 had little effect on the surface physical features of the
specimens (Figure 1A). There was no significant difference in either the Ra or Sdr among the SLA
titanium discs, regardless of the peptide treatment (p > 0.05) (Figure 1B). However, in surface chemistry,
the treatments of the functional peptides were confirmed from the results of higher nitrogen contents
for the SP- and VnP-16-treated surfaces, compared to those for the other groups (polished and SLA
titanium surfaces) (p < 0.05) (Figure 1C). The highest content element was carbon for every group.

Figure 1. Surface characteristics of the titanium specimens investigated in this study. (A) Field emission
scanning electron microscopy definitely shows different topographical features between the polished
and sandblasted, large-grit, acid-etched (SLA) surfaces. (B) The mean values of the measured surface
parameters indicated that the peptide treatment did not change the surfaces physically at the micro
level. Note the significant differences in the surface parameters between the polished and the other
SLA surfaces. ** p < 0.01 vs. the polished surface. (C) Electron spectroscopy for chemical analysis
detected high nitrogen content on the peptide-treated surfaces. Almost no nitrogen was found in the
other groups. ** p < 0.01 vs. the polished and SLA surfaces (significant differences are marked only for
the nitrogen content).

3.2. Effects of VnP-16 Peptide on Cellular Responses of Human Osteoblast-Like Cells

To investigate whether a human vitronectin-derived peptide, VnP-16, could mediate cell behavior
of osteoblasts, cell attachment, spreading, and migration of human osteoblast-like cells, including
HOS and MG-63, were assayed. The attachment of osteoblast-like cells was evaluated using a cell
adhesion assay in a serum-free medium. Human plasma vitronectin strongly promoted cell attachment
(Figure 2A upper, B) and spreading (Figure 2A lower, C) in osteoblast-like HOS cells. The VnP-16
peptide also promoted greater cell attachment (Figure 2A upper, B) and spreading (Figure 2A lower, C)
than the BSA or SP control, and its attachment and spreading activities were comparable to those of
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vitronectin (Figure 2A–C). In addition, vehicle and SP did not participate in cell migration in HOS cells.
On the other hand, vitronectin and the VnP-16 peptide promoted cell migration in HOS cells, while the
VnP-16 peptide was significantly less effective than vitronectin (Figure 2D). The VnP-16 peptide did
not affect the proliferation or viability of HOS cells (Figure 2E), indicating that its stimulatory effect on
the cell behavior of HOS cells was not due to cytotoxicity or enhanced cell proliferation. These results
support that VnP-16 is functionally active in promoting osteoblastic responses.

 
Figure 2. Cell attachment, spreading, and migration of osteoblast-like HOS cells seeded on culture plates
treated with vitronectin and synthetic peptides. (A) Photographs of osteoblast-like HOS cells adhering
(upper panel) and spreading (lower panel) to culture plates treated with 1% bovine serum albumin
(BSA), vitronectin (0.26 μg/cm2), scrambled peptide (SP), and VnP-16 peptide (10.5 μg/cm2). Bar =
100 μm. (B,C) Cell attachment (B) and spreading (C) to immobilized synthetic peptides. HOS cells were
allowed to adhere to peptide-treated plates for 1 h (B) or 3 h (C) in serum-free medium. (D) Migration of
osteoblast-like HOS cells induced by vitronectin and synthetic peptides. HOS cells were seeded into the
upper chambers of transwell filters coated with vitronectin (0.26 μg/cm2), SP, or VnP-16 (10.5 μg/cm2)
and were incubated for 24 h. ND, not detected. (E) The viabilities of osteoblast-like HOS cells treated
with VnP-16 for 24 or 48 h. ** p < 0.01 vs. the SP-treated control group. Data in (B–E) (n = 4) represent
the mean ± SD.

Next, to determine whether the effects of the VnP-16 peptide on the cell behavior of HOS cells
were similar to those of other human osteoblast-like cells, we used human osteoblast-like MG-63 cells.
Similar, but not identical, results were obtained for cell behavior in MG-63 cells. Human plasma
vitronectin and VnP-16 peptide strongly promoted cell attachment (Figure 3A upper, B) and spreading
(Figure 3A lower, C) in MG-63 cells compared to the BSA or SP control. In addition, the cell attachment
and spreading activities of VnP-16 peptide were comparable to those of vitronectin (Figure 3A–C).
Similarly, VnP-16 peptide did not affect the proliferation or viability of MG-63 cells (Figure 3D).
However, the cell migration activities of vitronectin and the VnP-16 peptide were different between
HOS and MG-63 cells. In other words, vitronectin and the VnP-16 peptide had no effect on cell
migration in MG-63 cells (data not shown). Therefore, the cellular responses of the VnP-16 peptide to
the human osteoblast-like cells HOS and MG-63 had different effects on cell migration but had similar
effects on cell attachment, spreading, and viability.
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Figure 3. Cell attachment and spreading of osteoblast-like MG-63 cells seeded on culture plates treated
with vitronectin and synthetic peptides. (A) Photographs of osteoblast-like MG-63 cells adhering
(upper panel) and spreading (lower panel) to culture plates treated with 1% bovine serum albumin
(BSA), vitronectin (0.26 μg/cm2), scrambled peptide (SP), and VnP-16 peptide (10.5 μg/cm2). Bar =
100 μm. (B–C) Cell attachment (B) and spreading (C) to immobilized synthetic peptides. MG-63 cells
were allowed to adhere to peptide-treated plates for 1 h (B) or 3 h (C) in serum-free medium. (D) The
viabilities of osteoblast-like MG-63 cells treated with VnP-16 for 24 or 48 h. ** p < 0.01 vs. the SP-treated
control group. Data in (B–D) (n = 4) represent the mean ± SD.

3.3. Histomorphometry

Every experimental animal was healthy, and no signs of diseases or pathologic states were found
until the sacrifice. There were no special inflammatory or immune cells found in the light microscopic
view of the specimens. After 14 days of implant insertion, sufficient mineralization was observed
in each section (Figure 4A). The mean value and standard deviation of each group were 47.0% ±
7.5% for the turned surface, 64.4% ± 8.6% for SLA, 42.1% ± 18.1% for SP-treated and 65.0% ± 7.2%
for the VnP-16-treated surface. The histomorphometric data showed significant differences in BIC
(p = 0.027). However, the pairwise comparisons between the groups found no significant differences
in BIC (Figure 4B). The mean values and standard deviation in the BA were 58.8% ± 6.0% for the
turned group, 56.8% ± 6.4% for SLA, 56.6% ± 8.4% for the SP-treated group, and 61.5% ± 10.6% for the
VnP-16-treated group (Figure 4C). There were no significant differences in BA among the groups.
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Figure 4. The histologic views and histomorphometric data for bone responses to the turned, SLA,
SP-treated SLA, and VnP-16-treated SLA titanium implant surfaces. (A) The demarcation lines
(white arrowheads), difference in stained colors and maturity of the bone (cancellous or cortical)
differentiate the new bone from the existing old bone. Here, the new bone is stained more reddish while
the old bone is stained more blueish. (B) Bone-to-implant contact ratios were measured, which are
defined as the percentage of the implant surface in contact with bone to the total implant surface at
the region of interest, which was the area ranging from the bone crest to 2 mm in depth in this study
(green edged rectangle in (A)). (C) The ratio of the area filled with bone to the total area of the region of
interest (bone area, or BA ratio) was also measured for each implant.

4. Discussion

The results of these in vitro and in vivo studies indicated that the VnP-16-treated SLA titanium
surface augments the initial bone response to a dental implant. The VnP-16 bioactive peptide is
expected to accelerate early bone healing further when this peptide is applied to the SLA titanium dental
implant. VnP-16 is another candidate biomolecule for stronger osseointegration into a dental implant
that is clinically applicable, together with some laminin-derived peptides [3,5,23]. Because VnP-16 has
both the upregulation of osteoblast activity and the downregulation of osteoclast activity, different
from other peptides, the clinical applicability of this material is considered to be higher [9].

Since VnP-16 downregulates osteoclast activity, this vitronectin-derived peptide is applicable
to osteoporotic patients as well as to normal patients. A previous study has already shown the
improved bone healing capacity of VnP-16 in an in vivo experiment using ovariectomized rats [9].
The SLA titanium implant is well-known to have long-term clinical performance with high survival
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rates (higher than 95%) [28,29]. However, this micro-roughened titanium surface has some limitations
in the use for patients with a problem in bone metabolism, including osteoporosis [30]. The cell
adhesion molecules can potentiate the bone healing capacities of the modified titanium surfaces used
in dental clinics without immune responses, which is shown in this study. The effect of VnP-16 on
osseointegration of the SLA dental implant needs to be evaluated for normal and osteoporotic patients.

This study used the physical adsorption method for the VnP-16 application to titanium surface.
One of the main advantages of this method is the simplicity, that is, an easy process to functionalize
the titanium implant surface while this method has several important disadvantages like low effective
peptide concentrations, and denaturation of the three dimensional structures of proteins or peptides [19].
The concentration of VnP-16 was determined from a dose-response curve through the cell attachment
assay, as in a previous study (data not shown) [9]. The lowest concentration, showing the maximal
effect in cell attachment, was used in this study, which solved the problem of low effective peptide
concentration. VnP-16 is a peptide composed of 12 amino acids, which are considered to have no
specific three dimensional structure [5]. Furthermore, the other approaches to peptide immobilization
require additional reactions and costs [19]. Therefore, physical adsorption was the method of choice in
this study although more effective approach needs to be investigated continuously.

In the analysis of surface chemistry of this study, higher nitrogen contents on the peptide-treated
surfaces imply the applications of the peptides to the titanium implant surfaces. However, the results
of the amounts of carbon detected on the surfaces were hard to interpret, despite that carbon was the
most abundant on all the surfaces investigated in this study. These unclear results are considered to
be from the phenomenon of hydrocarbon contamination on titanium surface, which is usual when
titanium is exposed to air [31,32].

Although the analysis of variance test for BIC in this study showed a p-value less than 0.05,
the pairwise comparisons found no significant differences between the groups. Perhaps, large
standard deviation, especially obtained from the measurements of the turned and SP-treated implants,
caused no significant differences in the pairwise comparisons. The high mean BIC ratios in the
SLA and VnP-16-treated groups and the low mean BIC in the turned and SP-treated groups were
considered to contribute to the significant difference in the analysis of variance test for all the groups.
The large standard deviation of the data occurred because of the small sample size in this study.
Another reason for the large deviation might be the difficulty in displaying the entire three-dimensional
bone-implant interface in light microscopic histology. The selection of one cross-sectional plane
for light microscopy is arbitrary, and the data from the cross-section are poorly correlated with
the data measured on the whole three dimensional image [33]. In order to obtain the similar data
between two- and three-dimensional images, three to four histologic sections for each specimen
are needed, which are extremely difficult to prepare from a undecalcified specimen, including a
titanium implant [34]. Methodological advancements, like three dimensional imaging analysis by
micro-computed tomography, and a technique to make more histologic sections from a hard specimen
are needed for more obvious in vivo results.

5. Conclusions

A human vitronectin-derived peptide, VnP-16 (RVYFFKGKQYWE motif), showed excellent
histomorphometric osseointegration data without any special antigen–antibody reaction when this
peptide was treated on an SLA titanium dental implant, which has been successfully used in clinics.
From the in vitro results of this study, VnP-16 promotes the attachment of osteogenic cells and
differentiation into osteoblasts, which may increase the bone healing capacity of the SLA’s titanium
surface. Considering both the in vitro and in vivo results of this study, VnP-16 reinforces the osteogenic
potential of the SLA titanium dental implant when this peptide is applied to the SLA surface. In the
future, VnP-16 may expand the clinical indications of SLA titanium dental implants.
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Abstract: Various protocols are available to preclinically assess the fracture resistance of zirconia
oral implants. The objective of the present review was to determine the impact of different
treatments (dynamic loading, hydrothermal aging) and implant features (e.g., material, design
or manufacturing) on the fracture resistance of zirconia implants. An electronic screening of two
databases (MEDLINE/Pubmed, Embase) was performed. Investigations including > 5 screw-shaped
implants providing information to calculate the bending moment at the time point of static loading to
fracture were considered. Data was extracted and meta-analyses were conducted using multilevel
mixed-effects generalized linear models (GLMs). The Šidák method was used to correct for multiple
testing. The initial search resulted in 1864 articles, and finally 19 investigations loading 731 zirconia
implants to fracture were analyzed. In general, fracture resistance was affected by the implant design
(1-piece > 2-piece, p = 0.004), material (alumina-toughened zirconia/ATZ > yttria-stabilized tetragonal
zirconia polycrystal/Y-TZP, p = 0.002) and abutment preparation (untouched > modified/grinded,
p < 0.001). In case of 2-piece implants, the amount of dynamic loading cycles prior to static loading
(p < 0.001) or anatomical crown supply (p < 0.001) negatively affected the outcome. No impact was
found for hydrothermal aging. Heterogeneous findings of the present review highlight the importance
of thoroughly and individually evaluating the fracture resistance of every zirconia implant system
prior to market release.

Keywords: dental implant; zirconia; ceramics; aging; artificial mouth; fracture load; fatigue; chewing
simulation; meta-analysis

1. Introduction

To date, titanium can be considered the gold standard material in oral implantology [1]. However,
due to increasing esthetic standards and a discussed impact of metal/titanium particle release on the
pathogenesis of peri-implant bone loss [2,3], a renaissance of ceramic oral implants can be observed in
dental media. Nowadays, the market share of zirconia oral implants seems to be increasing, even if
still comparatively small compared to conventional titanium implants.

Nonetheless, the superiority of ceramic oral implants regarding esthetics and biocompatibility,
or, as an example, the frequently claimed patients’ demand for metal-free implantology are still not
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soundly scientifically evidenced. Nevertheless, the majority of dental experts are of the opinion that
zirconia oral implants will be coexistent with titanium implants in the near future [4].

When zirconium dioxide (zirconia, ZrO2) was introduced as ceramic implant material, research
focused to evaluate and improve its osseointegrative potential by creating a microroughened surface
topography [5]. In the first instance, parameters like bone-to-implant contact (BIC), push-in values
and removal torque were assessed in animal experiments. As a result, zirconia implants with various
surface modifications (additive by sintering a porous ceramic layer, subtractive by sandblasting and/or
acid-etching or, for example, by texturing the inner surface of a mold in case of an injection-molded
implant) can nowadays be considered comparable to titanium implants by means of osseointegration
in preclinical studies [6]. This finding was confirmed in clinical trials, however limited to short- and
mid-term observation periods and the replacement of up to three adjacent missing teeth (single-tooth
restorations and three-unit fixed dental prostheses) using one-piece ceramic implants [7].

From a technical point of view, such a 1-piece design, comprising the abutment and endosseous
part in a single piece, might benefit from increased fracture resistance and reduced susceptibility for
low-temperature degradation or so-called “aging” (by exposing a reduced total surface area to aging
by inducing oral fluids), compared to 2-piece ceramic implants. Furthermore, 1-piece implants do not
have a micro-gap in between the assembled implant and abutment. One might consider the absence of
such a micro-gap beneficial, since it is capable in hosting bacteria, potentially resulting in marginal
inflammation and consecutive bone resorption [8]. However, no advantage of a monobloc design was
found for “seamless”, 1-piece implants made from titanium [9]. Moreover, from a practitioner’s point of
view, a 1-piece implant design is associated with several surgical and prosthodontic shortcomings [10].
As an example, submerged implant healing is hardly possible, since the transmucosal part of a
1-piece implant cannot be detached. If no sufficient primary stability can be attained or guided bone
regeneration is necessary, a missing option for wound closure might be considered disadvantageous.
Furthermore, there is only a limited potential to compensate for mal-positioned implants with the
provisional and final restoration. When trying to remove subsections in case of misaligned implants to
support a bridge, intra-oral grinding of the zirconia abutment is necessary [11]. This, however, might
have an impact upon the osseointegration (due to potential heat development or the displacement
of zirconia particles in surrounding tissues) and fracture resistance of the implant [12]. Therefore,
a two-piece design represents the favorable option for daily clinical use. Today, several two-piece
zirconia implants are available on the market. In these systems, implant-abutment assembly is mostly
realized by either luting the abutment to the implant or by screw-retention [13]. Luting the abutment
to the implant seals the micro-gap, and allows for initial but irreversible correction of the implant
angulation, but misses flexibility for future restorations of the implant. On the other hand, when going
for screw-retention, several ceramic implants are still assembled with a titanium screw, and therefore,
still not metal-free in the proper sense.

Even if the market share of zirconia dental implants increases, concerns regarding their fracture
resistance are still present, and standardized testing protocols for zirconia implants adequately
addressing the aging behavior of the final product are still missing [14]. To overcome this, different
treatments were proposed to mimic intraoral conditions to the extent possible for the evaluation of
ceramic implants. These treatments included thermal aging (high-temperature conditions or thermal
cycling) [15,16] and/or dynamic loading procedures (various exposure times and different applied
loading modes) [12,17]. Zirconia implants evaluated regarding their fracture resistance in the literature
comprised a heterogeneous range of features like material selection (yttria-stabilized tetragonal zirconia
polycrystal, Y-TZP or alumina-toughened zirconia, ATZ) [18], design (1- or 2-piece) [13], manufacturing
(subtractive or by ceramic injection molding, CIM) [19], restoration (anatomical crown, hemisphere or
no restoration) [20,21], abutment preparation (in the case of 1-piece implants) [22], or assembly (in the
case of 2-piece implants) [13].

Therefore, the objective of the present systematic review was to evaluate the influence of the
aforementioned treatments and features on the fracture resistance of zirconia oral implants in different
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preclinical studies. The null hypothesis supposed no distinction between treatments and features in
relation to bending moment when statically loading the implant to fracture.

2. Materials and Methods

2.1. Study Design

To determine a selection of comparable studies on the question of zirconia implant fracture
resistance, the preferred reporting items for systematic reviews and meta-analyses (PRISMA) statement
of 2009 was applied [23]. Therefore, this report takes the appropriate Enhancing the Quality
and Transparency of health Research (EQUATOR) (http://www.equator-network.org) guidelines
into account.

2.2. Focused Question

Is there a variable significantly affecting the fracture resistance of 1- and 2-piece zirconia implants
in preclinical in-vitro studies?

2.3. Search Strategy

Two databases, namely the Medical Literature Analysis and Retrieval System Online (MEDLINE)
(PubMed) and Embase (accessed via Ovid), were screened for relevant articles. The database specific
search strategies consisted of a combination of subject headings and free text words. Data was extracted
from the databases on 3rd December 2019 without applying any time restrictions. Thereafter, references
of included articles were screened for further records satisfying the inclusion criteria (cross-referencing).
In case of the availability of the full methodological procedures in the literature and accessibility of
information regarding the included samples, unpublished data of the authors of the present review was
likewise included. The resulting studies were imported and stored in a reference managing program
(EndNote X9; Clarivate Analytics, Philadelphia, PA, USA). Articles written in English and the German
language were considered.

2.4. Screening Process

To build up the search terms, three categories addressing the samples (dental implants), materials
(zirconia ceramics) and outcome (fracture load) were combined (“AND”). These categories consisted
of combinations (“OR”) of free text words and indexed vocabulary (MEDLINE: MeSH terms, Embase:
Emtree terms). An asterisk was used in combination with some free text words as a truncation symbol
(e. g. “ceramic *”) to allow for the so-called “wildcard search”.

Pubmed search term:

((((dental implant [MeSH Terms]) OR ((((oral) AND ((implant) OR implants))) OR ((dental) AND 
((implant) OR implants))))) AND (((zircon *) OR ceramic *) OR ceramics[MeSH Terms])) AND 
(((((ageing) OR aging) OR artificial mouth) OR fracture resistance) OR load *) 

Embase search term:

(‘tooth implant’/exp OR (oral AND implant) OR (dental AND implant)) AND (zircon * OR ceramic * OR 
‘ceramics’/exp) AND (ageing OR aging OR (artificial AND mouth) OR (fracture AND resistance) OR load *) 

2.5. Eligibility Criteria

Studies to be included in this systematic review needed to fulfill the following inclusion criteria:

- Language: English or German

57



Materials 2020, 13, 562

- Samples: Screw-shaped, ceramic oral implants containing a minimum of 50% v/v ZrO2 within the
bulk material

- Outcome: Static loading to fracture
- Outcome measure: Bending moment [Ncm or Nmm] or fracture load [N] allowing to calculate

the bending moment (e.g., by adopting ISO 14801 or providing data to calculate the lever arm)
was provided

- Sample size: Minimum of five samples tested

2.6. Selection of Studies
Concerning the inclusion criteria, both the first author and the senior author of this manuscript

(A.B. and B.C.S.) independently screened the titles and abstracts of the extracted data in the reference
management program. If sufficient information needed for inclusion or exclusion was not provided
within the title or abstract, the corresponding full texts were read. In case of disagreement, a third
author (S.P.) was consulted for final decision making.

2.7. Data Extraction
Besides the total number of samples within one study, the number of implants made from different

materials (Y-TZP, ATZ), processing routes (subtractive, injection molding), design (1- and 2-piece) and
diameters were retrieved. Further features like restoration mode (anatomical crown, hemisphere or no
reconstruction), abutment preparation (yes/no in case of 1-piece implants), implant-abutment connection
(screwed/bonded in case of 2-piece implants), thermal aging (thermal cycling, high temperature,
no aging) or dynamic loading (yes/no), dynamic loading conditions (exerted load and amount of
cycles), crosshead speed during static fracture, and angulation, were likewise extracted. This allowed
us to group the implants finally subjected to static loading within the included studies in cohorts.
For standardization purposes, the bending moment at the time point of fracture [Ncm] was considered
the outcome measure of interest, and the corresponding authors of the articles to be included were
contacted by email in case of solely providing fracture load values [N] without mentioning the lever
arm. Extracted cohorts were subdivided into groups subjected to comparable treatments:

1. No dynamic loading
2. 1–1.2 million loading cycles (50 N)
3. 1–1.2 million loading cycles (100 N)
4. 3.5–5 million loading cycles (100 N)
5. 5 million loading cycles (>500 N)
6. 10 million loading cycles (100 N)

2.8. Statistical Analysis
From the included nineteen studies/datasets, two to twelve observations were extracted each.

One observation consisted of the mean bending moment and standard deviation (at the time point of
fracture) and/or mean fracture load and standard deviation (including additional information allowing
us to calculate the bending moment) of a specific cohort of implants (comprising the same type of
implant subjected to the same treatment) extracted from one included study. These observations had
sample sizes of 2 to 12 implants. To analyze the effect of specific treatments of features (as indicated in
2.7) on the bending moment, a multilevel mixed-effects generalized linear model was used for each
outcome, with each investigation as random effect to cluster observations by the respective studies.
The Šidák method was used to correct for multiple testing. The level of significance was set at p < 0.05.

In order to compare the aforementioned groups (1–6, depending on load and cycles) for
heterogeneity of the data, both inter- and intra-standard deviations with 95% confidence intervals (Cis)
were computed. In addition, the cohort-specific standard error of the bending moment was used for
weighting. Furthermore, box plots were created for visualization of the data. The data were analyzed
with STATA 16.1 (StataCorp LLC, Texas, TX, USA).
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3. Results

3.1. Screening Process/Included Data
Screening of two databases using the aforementioned specifically adapted search terms resulted in

a total of 1864 records. After the removal of 622 duplicates, another 1202 records were withdrawn for
analyses by screening the titles and abstracts. After reading the full texts of the remaining 40 studies,
a further 23 manuscripts were excluded (Figure 1). Detailed reasons for exclusion can be found in
Table A1. In general, the most frequent reasons for exclusion were the fracture of zirconia abutments
assembled with titanium implants (mostly excluded by title and abstract) and the fracture on the
restoration level using zirconia one-piece implants as support (mostly excluded during full-text
screening). When only the fracture load [N] during static loading was reported, three options allowed
for the calculation of the bending moment: (1) embedding was described to fully respect ISO 14801
(prescribing a lever arm of 5.5 mm allowing for the calculation of the bending moment), (2) all details
regarding the embedding were provided in the manuscript (e.g., by providing a scheme) or (3) the
bending moment and/or lever arm were provided by the authors upon request. As an example, six
of the included studies adopted ISO 14801 for embedding [15,17,21,24–26], whereas three provided
all necessary information [19,27,28] allowing us to calculate the bending moment (embedding level,
angulation, total sample length, point of loading). In the remaining cases the bending moment was
reported [13,20,22] or sent by the authors [12,18,29,30]. Finally, 17 full-texts were analyzed in the
present systematic review (Table 1). In addition, the datasets of two finalized projects, currently under
review and in preparation of the manuscript, were included. Two authors of the present review (R.K.
and B.C.S.) were involved in both of these two investigations, and were able to access the full data.
The applied materials and methods were already described in detail in precedent publications [21,26].
Since available on the market, the material composition of the included implant systems is likewise
available and accessible. In detail, three zirconia implant systems (1-piece: Straumann PURE Ceramic,
Straumann AG, Basel, CH; 2-piece: 5s-50-10, Z-Systems AG, Oensingen, CH and Ceralog Hexalobe
Implant, Axis biodental, Les Bois, CH) were subjected to identical treatments and fracture load
measurements, as described in two of the included studies [21,26]. In the case of Straumann 1-piece
(as-received: 609 ± 20 Ncm; loaded/aged: 557 ± 36 Ncm) and Z-Systems 2-piece implants (as-received:
463 ± 21 Ncm; loaded/aged: 443 ± 39 Ncm), aging/loading (as described in [21,26]) did not affect the
fracture resistance to a statistically significant level (p = 0.171). In contrast, the fracture resistance of
2-piece Ceralog Hexalobe Implants (as-received: 547 ± 89 Ncm; loaded/aged: 413 ± 127 Ncm) was
significantly affected (p = 0.046) by aging/loading (as described in [21,26]).

 

Figure 1. Flowchart according to the preferred reporting items for systematic reviews and meta-analyses
(PRISMA) guidelines.
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Table 1. A total of 731 one- and two-piece implants made from yttria-stabilized tetragonal zirconia
polycrystal (Y-TZP) and alumina-toughened zirconia (ATZ), extracted from 17 studies and two
unpublished datasets, subjected to different dynamic loading and thermal aging conditions prior to
static loading to fracture, were finally included in meta-analyses.

First
Author

Year Ref. n Material Pieces
Loading

Cycles (×106)
Thermal

Aging

Andreiotelli 2009 [29] 88 Y-TZP 1 0, 1.2 TC, none
Kohal 2009 [30] 32 Y-TZP 2 0, 1.2 TC, none
Kohal 2010 [18] 72 ATZ, Y-TZP 1 0, 1.2, 5 TC, none
Kohal 2011 [12] 48 Y-TZP 1 0, 1.2, 5 TC, none
Rosentritt 2014 [28] 36 Y-TZP 1, 2 1.2 TC
Kohal 2015 [20] 48 Y-TZP 1 0, 5, 10 TC, none
Sanon 2015 [25] 30 Y-TZP 1 0 HT
Spies 2015 [22] 48 ATZ 1 0, 1.2, 5 TC, none
Kammermeier 2016 [27] 30 Y-TZP 1, 2 0, 3.6 TC, none
Preis 2016 [19] 32 ATZ, Y-TZP 2 1 TC, none
Spies 2016 [13] 48 ATZ, Y-TZP 1, 2 0, 10 HT, none
Joda 2017 [24] 11 ATZ 2 0 none
Spies 2017 [21] 28 Y-TZP 2 0, 10 HT, none
Ding 2018 [17] 29 Y-TZP 1 0, 5 none
Spies 2018 [26] 14 ATZ 2 0, 10 HT, none
Monzavi 2019 [15] 60 Y-TZP 1 0 HT, none
Stimmelmayr 2019 [16] 36 Y-TZP 2 1.2 TC
Kohal 2020 * 28 Y-TZP 1, 2 0, 10 HT, none
Zhang 2020 * 13 Y-TZP 2 0, 10 HT, none

* Unpublished data, Ref. = Reference, n = total number of included implants, TC = thermal cycling,
HT = high temperature.

3.2. Meta-Analyses

All 17 articles published between 2009 [29] and 2019 [15,16] were included and analyzed in
the present meta-analysis. Moreover, unpublished data of two projects currently under review
and in preparation of the manuscript were included (Table 1). From the included articles/datasets,
114 observations were extracted or calculated (mean bending moment), comprising different implant
features (e.g., diameter, material, crown supply, abutment preparation or implant-abutment-connection)
or treatments (e.g., thermal aging or dynamic loading). One observation consisted of the mean bending
moment and standard deviation (SD) of up to 12 included implants.

In order to evaluate the impact of different dynamic loading procedures (implants were subjected
to prior to fracture loading) on the outcome (bending moment), groups as indicated in Section 2.7
were analyzed for heterogeneity. As a result, standard deviation as a measure of variation within and
in between the included studies revealed to be within the same range (Table 2). No heterogeneity
of the bending moments for groups 1–6 was found, even if a decreased mean value for group 3 was
calculated (p = 0.612). This did not change when stratifying the implants according to their design
(1-piece: p = 0.951; 2-piece: p = 0.056).

Table 2. Groups 1–6 (as indicated in 2.7) were tested for heterogeneity regarding the outcome.

Groups Overall 1 2 3 4 5 6

Effect 1 395.27 407.42 397.99 262.17 400.73 579.96 448.94
95% CI 330.2–460.3 338.4–476.4 272.1–523.9 195.0–329.3 249.2–552.2 521.8–638.0 373.7–524.1
Intra 2 103.57 110.07 74.58 100.30 150.33 46.64 57.59
95% CI 89.4–120.0 89.3–135.7 42.4–131.0 61.4–163.8 95.8–235.8 18.2–119.7 28.5–116.4
Inter 3 126.06 126.92 133.58 1.670× e−15 146.81 4.690× e−18 77.72
95% CI 86.5–183.8 82.1–196.2 65.5–272.3 −∞–+∞ 59.0–365.5 −∞–+∞ 33.9–178.2

1 Mean bending moment [Ncm], 2 Standard deviation/variation within included studies, 3 Standard
deviation/variation in between included studies.
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3.3. Outcomes

Outcomes extracted from the 17 included studies and the two unpublished datasets were
calculated and stratified for the material selection, manufacturing, implant diameter, anatomical
crown supply, abutment preparation (1-piece implants), implant-abutment-connection (IAC; 2-piece
implants), thermal aging procedure prior to static loading (none; TC = thermal cycling, mostly in
between 5–55 ◦C; HT = high temperature, mostly in between 60–134 ◦C) and/or dynamic loading in
a chewing simulation device applying different loads (ranging from 50 to > 500 N) for a different
amount of cycles (ranging from 1 to 10 millions). In total, 731 implants were available for analyses,
revealing a mean bending moment at the time point of fracture of 386.4 ± 167.6 Ncm. Furthermore,
the outcome was stratified for 1- and 2-piece implants. Mean bending moments, standard deviations
and the included number of implants are listed in Table 3. Significance (linear mixed models, level of
significance p < 0.05) calculated for differences regarding the implant design, different covariables and
treatments can be found in Table 4.

Table 3. Calculated mean bending moment (in Ncm) and standard deviation depending on the implant
design, several covariables and treatments.

Overall 1 1-Piece 2-Piece

n Mean SD n Mean SD n Mean SD

Overall 731 386.4 167.6 495 431.9 151.0 236 291.7 162.4
Material
Y-TZP 577 378.7 160.1 383 422.2 143.4 194 284.3 155.7
ATZ 154 418.7 106.0 112 475.8 180.7 42 318.6 194.0
Manufacturing

Subtractive 591 2 397.5 177.4 417 457.4 154.4 174 260.1 149.6
Injection molded 120 2 364.8 116.7 70 329.4 73.7 50 426.8 154.4
Implant diameter
3.0–3.3 mm 15 207.2 14.3 9 215.0 6.7 6 191.6 -
3.8–4.4 mm 675 394.9 170.4 463 441.3 152.7 212 293.6 165.0
4.5–5.0 mm 41 349.4 125.4 23 388.0 59.4 18 301.2 178.0
Anatomical crown supply
Yes 209 237.5 96.6 74 327.0 65.4 135 186.9 71.4
No 522 455.2 147.7 421 453.2 154.8 101 463.9 114.2
Abutment preparation
Yes - - - 112 411.3 126.2 - - -
No - - - 383 436.5 156.5 - - -
Implant-Abutment-Connection
Screw-retained - - - - - - 159 327.5 179.0
Bonded - - - - - - 77 217.0 86.0
Thermal aging
Thermal cycling 310 355.5 171.7 218 426.5 149.4 92 174.6 41.1
High temperature 124 392.9 115.9 75 362.6 96.4 49 453.4 135.1
None 297 406.2 180.4 202 464.0 163.2 95 299.9 164.6
Dynamic loading
Yes 391 389.4 169.2 250 447.7 146.6 141 279.2 156.5
No/Group 1 340 383.2 166.3 245 417.7 153.6 95 303.5 171.2
Group 2 86 258.1 111.5 66 362.6 59.4 20 174.4 50.2
Group 3 76 394.7 211.2 40 457.3 188.1 36 144.4 15.0
Group 4 132 379.6 159.7 96 437.8 140.5 36 205.1 20.5
Group 5 17 580.8 55.7 17 580.8 55.7 - - -
Group 6 80 435.1 108.3 31 420.2 93.0 49 443.6 122.5

n = number of included implants, SD = standard deviation, 1 1- and 2-piece implants pooled together, 2 the authors
of one included study could not provide the manufacturing mode for all included implants [28].
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Table 4. Significance (linear mixed models (LMMs), level of significance p < 0.05) was calculated for
differences regarding the implant design, different covariables and treatments.

Significance (p)

Parameter Options Overall 1 1-Piece 2-Piece

Implant design 1-piece, 2-piece 0.004 - -
Material Y-TZP, ATZ 0.002 0.001 0.282
Manufacturing Subtractive, injection-molded 0.749 0.076 0.095
Implant diameter Range: 3.3–5.0 mm 0.327 0.273 0.191
Anatomical crown Yes/No <0.0001 0.080 <0.0001
Abutment
preparation Yes/No - <0.0001 -

Connection type Screw-retained, bonded - - 0.584
Thermal aging TC, HT, none 0.446 0.538 0.776

Dynamic loading

Yes/No 0.410 0.559 0.474
Applied load [range: 50–500 N] 0.050 0.181 0.202
Amount of cycles [range: 1–10 × 106] 0.238 0.971 <0.0001
Groups 1–6 [as indicated in 2.7] 0.612 0.951 0.056

Angulation Range: 30–45◦ 0.215 0.671 0.003
Crosshead speed Range: 0.5–10 mm/s 0.261 0.562 <0.0001

1 1- and 2-piece implants pooled together, TC = thermal cycling, HT = high temperature.

3.3.1. Implant Design

Eight studies [12,15,17,18,20,22,25,29] focused on 1-piece zirconia implants, whereas six studies
solely included 2-piece implants [16,19,21,24,26,30]. The remaining investigations evaluated a mixture
of both 1- and 2-piece implants [13,27,28]. Regardless of all other variables, 1-piece implants
(431.9 ± 151.0 Ncm) were found to be more fracture resistant than 2-piece implants (291.7 ± 162.4 Ncm,
p = 0.004; Figure 2).

 
Figure 2. Boxplot showing the bending moment at the time point of fracture for 1- and 2-piece zirconia
implants. Whiskers are used to represent all samples lying within 1.5 times the interquartile range
(IQR). Dots represent outliers. Detailed data can be found in Tables 3 and 4.

3.3.2. Material

Material selection of the included studies is listed in Table 1. Of the included implants, 577 were
made from Y-TZP, whereas 154 were manufactured from ATZ [13,18,19,22,24,26]. When pooling
the outcome for 1- and 2-piece zirconia implants, the bending moment at the time point of implant
fracture was significantly affected by the material (p = 0.002; Table 4). In detail, implants made
from alumina-toughened zirconia (ATZ, 418.7 ± 106.0 Ncm) were more fracture-resistant compared
to implants made from yttria-stabilized tetragonal zirconia polycrystals (Y-TZP, 378.7 ± 160.1 Ncm,
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p = 0.002). When stratifying the outcome for 1- and 2-piece implants, however, material selection
only affected 1-piece implants (p = 0.001, Figure 3a), whereas 2-piece implants performed the same,
regardless of the material selection (p = 0.282, Figure 3b).

  
(a) 1-piece (b) 2-piece 

Figure 3. Boxplots showing the bending moment at the time point of fracture depending on the material
selection for 1- (a) and 2-piece (b) zirconia implants. Whiskers are used to represent all samples lying
within 1.5 times the interquartile range. Dots represent outliers. Detailed data can be found in Tables 3
and 4.

3.3.3. Manufacturing

Manufacturing was mostly subtractive (n = 591 implants), but ceramic injection-molding (CIM)
was likewise used for the production (n = 120 implants) [15,19,21,25]. There was no statistically
significant difference in the fracture resistance of implants when manufacturing method (subtractive:
397.5 ± 177.4 Ncm, CIM: 364.8 ± 116.7 Ncm) was regarded (p > 0.095). Boxplots can be seen in Figure 4.

  
(a) 1-piece (b) 2-piece 

Figure 4. Boxplots showing the bending moment at the time point of fracture depending on the
manufacturing method for 1- (a) and 2-piece (b) zirconia implants. Whiskers are used to represent all
samples lying within 1.5 times the interquartile range. Detailed data can be found in Tables 3 and 4.

3.3.4. Implant Diameter

No statistically significant difference could be calculated for the bending moment at the time
point of fracture regarding the implant diameter ranging from 3 to 5 mm (p = 0.327). This did not
change when stratifying the outcome for 1- (p = 0.273) and 2-piece (p = 0.191) implants. However, the
included studies evaluated only very few implants in the range of 3 mm (range: 3.0–3.3 mm; n = 15,
207.2 ± 14.3 Ncm) [24,27] and 5 mm (range: 4.5–5.0 mm; n = 41, 349.4 ± 125.4 Ncm) [15,19,27,28],
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whereas the majority of implants had a diameter in the range of 4 mm (range: 3.8–4.4 mm; n = 675,
394.9 ± 170.4 Ncm). Boxplots can be seen in Figure 5.

  
(a) 1-piece (b) 2-piece 

Figure 5. Boxplots showing the bending moment at the time point of fracture depending on the implant
diameter for 1- (a) and 2-piece (b) zirconia implants. Whiskers are used to represent all samples lying
within 1.5 times the interquartile range. Dots represent outliers. Detailed data can be found in Tables 3
and 4.

3.3.5. Anatomical Crown Supply

Of the included 731 implants, 209 were restored with an anatomically shaped crown, mostly made
from ceramic materials. Most of the crowns were designed to replace maxillary central incisors but
also some premolar reconstructions were included. The remaining 522 implants did not receive any
reconstruction and were directly loaded to the abutment or were equipped with a non-anatomical
stainless-steel hemisphere according to ISO 14801. When pooling the data for 1- and 2-piece implants,
anatomical crown supply (237.5 ± 96.6 Ncm) negatively affected the outcome compared to implants
with no crowns or equipped with a hemisphere (455.2 ± 147.7 Ncm, p < 0.0001). When stratifying for
1- and 2-piece implants (Figure 6), statistical significance was only reached for the group of 2-piece
implants (p < 0.0001), likewise revealing an inferior outcome for implants restored with anatomical
crowns. Fracture resistance of 1-piece implants was not affected by crown supply (p = 0.080).

  
(a) 1-piece (b) 2-piece 

Figure 6. Boxplots showing the bending moment at the time point of fracture depending on the crown
supply for 1- (a) and 2-piece (b) zirconia implants. Whiskers are used to represent all samples lying
within 1.5 times the interquartile range. Dots represent outliers. Detailed data can be found in Tables 3
and 4.
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3.3.6. Abutment Preparation and Implant-Abutment-Connection (IAC)

Of the 1-piece implants (n = 495), 112 abutments were prepared/modified by grinding [12,18,22,29],
whereas 383 abutments remained untouched until fracture. In most cases, abutment preparation
should simulate a clinically relevant situation of a 1-piece implant installed in anterior regions of the
mouth. In both groups, some implants were restored with anatomically shaped incisor crowns, and
some did not receive any reconstruction. Grinding of the abutment (411.3 ± 126.2 Ncm) resulted in a
significantly reduced bending moment at the time point of fracture compared to non-grinded implants
(436.5 ± 156.5 Ncm, p < 0.0001; Figure 7a).

Of the two-piece implants included in the present review (n = 236), 159 abutments were assembled
by screw retention [13,16,19,21,24,26]. Most screws were made from titanium, but also gold and
polyetheretherketone (PEEK; in one study, carbon-fiber-reinforced [26]) were used. The remaining
77 two-piece implants were irreversibly assembled by adhesive bonding [13,19,27,28,30]. The type of
abutment retention (screw-retained: 327.5 ± 179.0 Ncm, bonded: 217.0 ± 86.0 Ncm) did not affect the
fracture resistance (p = 0.584; Figure 7b).

  
(a) Abutment preparation: 1-piece (b) IAC: 2-piece 

Figure 7. Boxplots showing the bending moment at the time point of fracture depending on the
abutment preparation for 1-piece (a) and depending on the implant-abutment-connection (IAC) for
2-piece (b) zirconia implants. Whiskers are used to represent all samples lying within 1.5 times the
interquartile range. Dots represent outliers. Detailed data can be found in Tables 3 and 4.

3.3.7. Thermal Aging

Regardless of the implant design, in 297 implants, no aging was induced prior to static loading
to fracture, whereas 124 implants were subjected to a high temperature (HT) treatment in a humid
environment, ranging from 60 up to 134 ◦C for different time periods lasting from 5–30 h (134 ◦C) [15,25]
to 60 days (85 ◦C) [21,26]. High temperature treatment was applied in combination or during dynamic
loading or alone. The remaining 310 implants were subjected to a thermal cycling (TC) procedure,
exposing the samples to a changing water bath set at 5 and 55 ◦C [12,16,18–20,22,27–30]. The latter was
mostly performed during dynamic loading in a chewing simulation device. Compared to untreated
implants (406.2 ± 180.4 Ncm), neither HT treatment (392.9 ± 115.9 Ncm) nor TC (355.5 ± 171.7 Ncm)
did affect the fracture resistance (p = 0.446). This did not change when calculating the outcome for 1-
(p = 0.538) and 2-piece implants (p = 0.776) separately (Figure 8).
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(a) 1-piece (b) 2-piece 

Figure 8. Boxplots showing the bending moment at the time point of fracture, depending on the
thermal aging conditions (none, HT = high temperature, TC = thermal cycling) for 1- (a) and 2-piece
(b) zirconia implants. Whiskers are used to represent all samples lying within 1.5 times the interquartile
range. Dots represent outliers. Detailed data can be found in Tables 3 and 4.

3.3.8. Dynamic Loading

The effect of dynamic loading was evaluated from different perspectives. The simplest one
assigned the included implants to two categories subjected to either no dynamic loading procedure
(“No”) or those being subjected to dynamic loading (“Yes”; Figure 9, Table 4). Furthermore, the effect
of dynamic loading was evaluated regarding the dynamically “applied load”, ranging from 45 [30] up
to more than 500 N [17], or regarding the “amount of cycles” ranging from 1.2 [12,16,18,22,28–30] to
10 million [13,20,21,26] loading cycles. Finally, a combination of “applied load” and “amount of cycles”
was used to from six groups, as mentioned in Section 2.7 (Figure 10).

When pooling the extracted data for 1- and 2-piece implants, dynamic loading did not affect the
fracture resistance (dynamically-loaded implants showed a mean bending moment at the time point
of fracture of 389.4 ± 169.2 Ncm compared to 383.2 ± 166.3 Ncm calculated for non-loaded implants
(p = 0.410)). This did not change when evaluating 1- and 2-piece implants separately (p > 0.474). Solely
the category “applied load” was close to statistical significance (p= 0.05). However, none of the multiple
pairwise comparisons comparing different dynamically applied loads showed a statistically significant
difference (p > 0.07). When solely evaluating 2-piece implants, “amount of cycles” significantly affected
the fracture resistance (p < 0.0001), whereas “applied load” (p = 0.202) and groups 1–6 respecting the
applied load and the amount of cycles (p = 0.056) did not affect the outcome.

  
(a) 1-piece (b) 2-piece 

Figure 9. Boxplots showing the bending moment at the time point of fracture depending on dynamic
loading (Yes: Implants were subjected to dynamic loading, No: Implants were not dynamically loaded)
for 1- (a) and 2-piece (b) zirconia implants. Whiskers are used to represent all samples lying within
1.5 times the interquartile range. Dots represent outliers. Detailed data can be found in Tables 3 and 4.
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(a) 1-piece (b) 2-piece 

Figure 10. Boxplots showing the bending moment at the time point of fracture depending on dynamic
loading conditions respecting the applied load and amount of cycles (as categorized in Section 2.7)
for 1- (a) and 2-piece (b) zirconia implants. Whiskers are used to represent all samples lying within
1.5 times the interquartile range. Dots represent outliers. Detailed data can be found in Tables 3 and 4.
No 2-piece implants were allocated to group 5.

4. Discussion

The present systematic review and meta-analysis included the data of 17 studies and two
unpublished datasets. To be finally able to compare the outcomes of the included data, it was necessary
to extract or calculate the bending moment at the time point of implant fracture [Ncm], since the
mostly reported fracture load values [N] do not respect the leverage (length of the lever arm) and
are therefore, if not considering a rigorously standardized embedding procedure as described in
ISO 14801, not comparable to each other. Of the included 19 investigations/datasets, three studies
reported the bending moment individually calculated for each included implant [13,20,22], whereas
six studies [15,17,21,24–26] and the two included unpublished datasets fully respected ISO 14801 for
embedding. Fully respecting this ISO implies the fixation of the endosseous part in a rigid clamping
device or embedding in a material with a modulus of elasticity higher than 3 GPa. Moreover, the
embedding/clamping level should respect a distance of 3.0 ± 0.5 mm apically from the nominal bone
level, as specified in the manufacturer’s instructions for use. Furthermore, implant abutments need to
be equipped with a non-anatomical hemisphere designed to realize a distance of l = 11.0 ± 0.5 mm
from the center of the hemisphere to the embedding level (Figure 11).

   
(a) Hemisphere (b) Anatomical crown (c) No crown 

Figure 11. Exemplary schemes of embedded implants according to ISO 14801 (a) [21], equipped with
an anatomically shaped incisor crown (b) or without any restorative supply (c) [20]. When embedding
the samples according to ISO 14801, the lever arm measures 5.5 mm. In the latter two cases, the lever
arm needs to be individually calculated and reported.
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When loading such samples with an angle of α = 30◦ to the vertical, the lever arm (y) or bending
moment (M) for this configuration can be calculated with the reported fracture load (F) by using
Equation (1).

M = y·F = sinα·l·F (1)

This results in y = 0.55 cm when embedding according to ISO 14801. For the aforementioned
publications/datasets fully respecting ISO 14801 for embedding and reporting the fracture load
values [N], the bending moment was therefore calculated by multiplying the fracture load with
0.55. Interestingly, some of the included investigations reported embedding according to ISO 14801,
but solely adopted the embedding level (simulation of a bony recession of 3 mm), and sometimes the
angulation (30◦), but did not use a loading hemisphere, finally resulting in a lever arm different to
5.5 mm, as proposed by the ISO standard [16,19,27,28]. In most cases, anatomical crowns (maxillary
premolars or incisors) made from ceramic materials were used instead of the hemisphere, finally
resulting in altered lever arms and loading conditions. In the investigations of one group, the crown
design and embedding procedure were described in detail (l, α and F were reported), allowing us
to calculate y and M [19,27,28]. To calculate the bending moment for the remaining studies, authors
needed to provide the necessary data upon request or standardized photographs provided in the
publications, or by the authors needed to allow the approximation of the lever arm by using an
image analysis software (ImageJ, National Institutes of Health, Bethesda, MD, USA) [12,16,18,29,30].
In order to be able to compare the outcome of preclinical studies evaluating the fracture resistance of
dental implants, it is therefore recommended to either fully adopt an ISO standard for the embedding
procedure or to provide the bending moment additionally to the fracture load. Considering different
lever arms due to different embedding procedures for the implants included in this systematic review
and meta-analysis, one needs to keep in mind that dynamic loading prior to static loading to fracture
can result in altered fatigue, even if the applied load was the same.

The heterogeneity of the included samples comprising a mixture of market-available products
(finally sterilized and incorporating a micro-roughened surface) [15,16,22,24,26] but also prototype
implants (e.g., with or without any surface post-processing) [13,19,21,25,28,30] represents a major
limitation of the present systematic review and meta-analysis. However, it was shown that, for example,
surface modifications like micro-roughening to enhance osseointegration or steam-sterilization can
significantly compromise fracture strength and ageing kinetics [31,32].

Another shortcoming of this systematic review presents the fact that of the 19 included datasets,
more than half (nine published and two unpublished studies) were at least partially authored by the
collaborates of the current paper. This might be considered a reasonable risk of bias. However, the
present review was conducted according to standardized guidelines, and the available literature was
systematically screened on the basis of predefined search terms and inclusion criteria. Modifying the
search strategy, outcome measure or inclusion criteria in consequence of unexpected or homogeneously
authored findings would likewise present a source of bias.

Regarding the treatments, the included samples have been subjected to prior to loading, and six
groups (representing different categories of loading conditions as indicated in Section 2.7) have been
evaluated for heterogeneity of the outcome. As a result, no heterogeneity of the bending moments for
groups 1–6 was found (p = 0.612). This did not change when stratifying the implants according to their
design (1-piece: p = 0.951; 2-piece: p = 0.056). Therefore, it was decided to pool the data of all groups
for any further calculations, and yet still, one can hardly generalize the present findings and apply
them to a specific zirconia implant system.

No statistically significant influence of hydrothermal aging on the fracture resistance of zirconia
implants was calculated in the present review. It is important to note that aging or so-called
low-temperature degradation (LTD) can, depending upon the sample quality and surface conditions,
result in both increased [21,25] and decreased [33] fracture load. This might be explained by the
following: Assuming a zirconia sample surface with various process-related defects/impurities, the
largest defects/impurities are thought to act as “locus minoris resistentiae”, and can thereby be
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considered representative for the fracture resistance of this sample. Increased fracture load of such
zirconia samples after a hydrothermal aging procedure is thought to be attributed to a transformed
layer at the sample surface, inducing a compressive stress on the surface, tending to close a potential
advancing crack at such existing defects/impurities located on the surface. This phenomenon is liable
to cause an increase in the strength of the material, and was described for the first time three decades
ago [34]. On the other side, at some point when the degradation process penetrates deeper into the
material, the contribution from the aging may instead cause the strength of the same sample to be
decreased, since once transformed to the monoclinic, zirconia grains cannot exhibit stress-induced phase
transformation toughening anymore [33]. As an example, in the included investigation of Monzavi
and co-workers [15] the effect of artificial aging on the mechanical resistance and micromechanical
properties of commercially- and noncommercially-available zirconia dental implants was evaluated. In
this study, the bending moment was significantly increased after aging for three of six groups, whereas
two groups showed no influence of the aging procedure, and one group was negatively affected in
terms of fracture resistance by the treatment [15]. When pooling the outcomes of the included studies
showing positive, negative or no effects of LTD on the fracture resistance of zirconia implants in one
dataset, as happened in the present meta-analyses, no effect of hydrothermal aging on the bending
moment at the time point of fracture was calculated (p > 0.446). This, however, might be misleading,
since several of the included studies indeed showed that aging can significantly affect the fracture
resistance. However, due to the explanation given at the beginning of this paragraph, both in a negative
or positive way. Therefore, missing significance, as calculated for pooled data in this review, should not
be interpreted as an argument to refrain from aging tests of a zirconia implant system prior to market
release. Therefore, pooling the data from different studies using the different conditions of thermal
aging needs to be considered a limitation of the present review. It is discussed in the literature that the
present amount of transformation to the monoclinic on the surface of as-delivered zirconia implants can
be decisive for the ongoing fracture resistance after further hydrothermal aging procedures. In detail,
implants showing no or very limited transformation to the monoclinic when released to the market
(e.g., due to final temperature annealing [35] or manufacturing by ceramic injection-molding [21,25])
were observed to be less fracture-resistant in the original as-delivered state, but significantly gained
fracture resistance due to increasing compressive stress at the sample surface after transformation
to the monoclinic occurred. In contrast, samples already revealing a transformed layer of several
micrometers (e.g., due to subtractive manufacturing or post-processing steps like sandblasting in
order to roughen the surface to enhance osseointegration [26]) mostly do not benefit from further
aging by means of an increased fracture resistance. Besides the amount of already transformed grains,
implant surface topography showed to have a significant impact on aging susceptibility and its impact
on fracture resistance [32,36]. As an example, implants structured with porous or alveolar surfaces
were more likely to be negatively affected by aging procedures due to interconnected porosities in the
surface layer, offering a path for the transformation to start at every surface accessible by water [25].
Finally, a layer structured in this way can be transformed in a shorter period of time.

Of the implants included in the present investigation, 209 of 731 were restored with
anatomically-shaped crowns [16,19,20,27–30]. Most of these crowns were designed as maxillary central
incisors, and were manufactured from: lithium disilicate [20], veneered [29] or monolithic [19,27,28]
zirconia, or porcelain fused to metal [30]. Another included study restored the implants with maxillary
first premolar restorations made from lithium disilicate [16], whereas Joda and collaborates restored
the implants with non-anatomical hemispheres likewise made from lithium disilicate [24].

Most of the included studies not restoring the implants with anatomically-shaped crowns were
conducted by adopting ISO 14801. According to this standard, the loading force shall be applied to
the hemispherical loading surface, by a loading device with a plane surface normal to the loading
direction of the machine, without additional horizontal loading forces. In contrast, especially incisor
crowns present an inclined plane when loaded during the dynamic and finally static loading procedure,
resulting in an increased shear force. Additionally, some investigations applied horizontal forces
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during the dynamic loading procedure (as it happens in the oral cavity), causing further fatigue of the
sample [20,29,30]. Therefore, not the restoration itself, but the altered investigational setup, resulting
in increased shear forces and fatigue during static loading, and in some cases, precedent chewing
simulation might be considered responsible for decreased fracture resistance. Nonetheless, this finding
should be taken into account when drafting international standards in order to guarantee clinical safety,
since the anatomical reconstruction of zirconia oral implants and horizontal shear forces during loading
represent clinical reality. Regarding the nature or location of failure, 1-piece implants mostly fractured
at the embedding level or slightly below, with crack initiation on the tensile side of the implant. As
described in the included studies, it seems that the fracture mode was not affected by crown supply. In
2-piece implants, fracture modes were generally observed to be highly heterogeneous, depending on
the mode of assembly and the materials used.

When it comes to clinical reality, the fracture resistance of a zirconia implant should finally
withstand the maximum voluntary bite forces of the patients. Nonetheless, one cannot find the
definition of any indication specific (e.g., for implants installed in anterior or posterior regions)
minimum value for the fracture strength of a zirconia implant in ISO 14801. This, as an example, is
provided in detail in ISO 6872 for ceramic materials used for reconstructions (e.g., crowns, bridges)
in dentistry [37]. Taking the highest bending moment measured in vivo (95 Ncm) with the help of
strain gauge abutments into account [38], and applying a safety buffer of 100%, one might consider a
minimum fracture resistance of 200 Ncm sufficient to guarantee clinical safety. When applying this
requirement to the included studies, mostly 2-piece prototype implants and implants with a reduced
diameter (≤ 3.3 mm) did not meet this demand [19,24,27,28,30].

Of the zirconia implants included in the present investigation, 577 were manufactured from
Y-TZP and 154 from ATZ. Overall, implant stability was significantly affected by the material, in
favor of ATZ (p = 0.002). When evaluating 1- and 2-piece implants separately, however, only 1-piece
implants made from ATZ performed better (p = 0.001), whereas 2-piece implants performed the same,
regardless of the material selection (p = 0.282). This might be explained by the fact that 1-piece zirconia
implants or even, as an example, 2-piece titanium implants are mostly made from one single material
(in the case of titanium: the implant, the abutment and the abutment screw are mostly fabricated from
titanium). In contrast, most of the available 2-piece zirconia systems represent a multi-material complex
comprising at least two or sometimes even three different materials. In some cases, only the implant
body is manufactured from zirconia, whereas the screw (e.g., titanium or PEEK) and/or abutment (e.g.,
glass-fiber or polyetherketoneketone/PEKK) might be manufactured from different materials revealing
different aging or degradation behavior during treatments (hydrothermal aging, dynamic loading),
precedent to final static loading to fracture. To date, sound correlations to approximate intraoral aging
conditions in an accelerated way in the dental laboratory are mostly available for zirconia ceramics,
but missing for screw and abutment materials prone to degradation in aqueous environments, like
e.g., polyetherketones [39,40]. In consequence, no standardized testing procedures were proposed
to the present date, sufficiently evaluating multi-material, 2-piece implants regarding their fracture
resistance, and individually respecting the degradation behavior of several included components.
Regrettably, the sample size and heterogeneity of the extracted data gathered from 2-piece implants
included in the present review did not allow for the statistical evaluation of a potential impact of
the screw or abutment material on the fracture resistance of 2-piece zirconia implants. In one of the
included studies, the aim was to measure the abutment rotation and fracture load of 2-piece zirconia
implants screwed with three different abutment screw materials [16]. Implants and abutments of the
included system were assembled with screws made from gold, titanium and PEEK.

As a result, no significant differences were found for these three materials, even if PEEK screws
showed inferior results. When choosing PEEK as an abutment screw material, the incorporation of
continuous carbon fibers proved to positively affect the maximum tensile strength of the screw [41].
However, a strengthening effect on the entire implant-abutment complex in case of zirconia implants still
needs to be evidenced. In one of the included studies [26], a 2-piece ATZ implant system assembled with
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a carbon-fiber-reinforced abutment screw showed to be non-inferior compared to a market-established
2-piece titanium implant of a highly comparable design regarding its fracture resistance.

5. Conclusions

The null hypothesis of the present review, supposing no distinction between treatments and
features in relation to bending moment when statically loading a zirconia implant to fracture, needs to
be partially rejected. The focused question can be answered as follows: In general, 1-piece implants
can be considered more fracture resistant than 2-piece implants, even if some of the included studies
showed very promising results for 2-piece zirconia implants. When focusing on 1-piece implants,
implants made from ATZ are more fracture resistant than implants made from Y-TZP. Due to its
negative impact on fracture resistance, abutment preparation of 1-piece zirconia implants should
be avoided. When drafting international standards to guarantee clinical safety, one should keep in
mind that the loading of anatomically shaped crowns might result in the decreased fracture resistance
of zirconia implants compared to non-anatomical loading hemispheres, as mentioned in ISO 14801.
Further research is needed to define adequate hydrothermal aging and dynamic loading conditions for
2-piece ceramic implants, nowadays mostly comprising a multi-material complex.
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Appendix A

Table A1. Articles excluded after screening of the full-texts.

First Author Year Ref. Reason for Exclusion

Young 1972 [42] Narrative review
Kohal 2006 [43] Root analogue implants
Silva 2009 [44] No static loading to fracture (step-stress fatigue)
Silva 2011 [45] No static loading to fracture (pendulum impact tester)
Van Dooren 2012 [46] Narrative review and case report
Iijima 2013 [47] No evaluation of dental implants (discs)
Mobilio 2013 [48] No static loading to fracture (strain measurements), <5 samples
Sanon 2013 [36] No static loading to fracture (step-stress fatigue)
Cattani-Lorente 2014 [31] No evaluation of dental implants (bar-shaped samples)
Rohr 2015 [49] Fracture on the restoration level
Kamel 2017 [50] Calculation of bending moment not possible, no author response
Karl 2017 [51] No static loading to fracture (insertion torque measurements)
Korabi 2017 [52] No static loading to fracture (finite element analysis)
Monzavi 2017 [53] No static loading to fracture (accelerated aging only)
Zietz 2017 [54] No zirconia implants
Baumgart 2018 [55] No static loading to fracture
Rohr 2018 [56] Fracture on the restoration level
Zaugg 2018 [57] Fracture on the restoration level
Faria 2019 [58] No evaluation of dental implants (discs)
Nueesch 2019 [59] Fracture on the restoration level
Rohr 2019 [60] Fracture on the restoration level
Scherrer 2019 [61] Fractographic analysis of clinically fractured zirconia implants
Siddiqui 2019 [62] Cyclic fatigue w/o subsequent fracture loading
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Abstract: The stability of peri-implant tissue is essential for the long-term success of dental implants.
Although various types of implant connections are used, little is known about the effects of the physical
mechanisms of dental implants on the stability of peri-implant tissue. This review summarizes the
relevant literature to establish guidelines regarding the effects of connection type between abutments
and implants in soft and hard tissues. Soft tissue seals can affect soft tissue around implants.
In external connections, micromobility between the abutment and the hex component of the implant,
resulting from machining tolerance, can destroy the soft tissue seal, potentially leading to microbial
invasion. Internal friction connection implants induce strain on the surrounding bone via implant
wall expansion that translates into masticatory force. This strain is advantageous because it increases
the amount and quality of peri-implant bone. The comparison of internal and external connections,
the two most commonly used connection types, reveals that internal friction has a positive influence
on both soft and hard tissues.

Keywords: abutment; dental implant; implant connection; marginal bone; peri-implantitis

1. Introduction

A dental implant is an artificial organ that replaces a missing natural tooth. Implants should be
able to function properly in the human body [1]. Long-term stability should be predictable and in line
with current trends toward increased life expectancy [2–6]. For dental implants to function properly for
a long time in the oral cavity, they should experience neither mechanical nor biological complications,
including those related to soft and hard tissues surrounding the implant [7–11].

The stability of the implant–abutment connection is an important factor affecting the long-term
success of dental implants in clinical practice [12,13]. To prevent complications resulting from
unstable implant–abutment connections, implant–abutment biomechanics are investigated theoretically
and experimentally. In this review, internal friction connection and external hex-type connection
implant–abutment joints are explored. Dental implants belonging to these two systems are currently
the most widely used in clinical practice [13–15]. The nature of these connections is summarized, and
their effects on tissues surrounding implants are analyzed for both soft and hard tissues.
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2. Typical Dental Implant Connection Types

2.1. External Hex Connection: Butt-Jointed Interface

In external hex-type connections, the abutment is connected to the implant by an abutment screw.
This connection is also called a butt joint interface because the flat surfaces on the top of the implant
and the bottom of the abutment are in direct contact with each other. This external connection is
stabilized entirely by fastening of the abutment screw. When torque is applied to the abutment screw
connecting the implant and the abutment, the abutment screw is elongated, generating a preload. Screw
dynamics play an important role in this interaction because the mechanism linking this connection is
fundamentally dependent on the preload of the screw [16]. The preload acts as a clamping force on the
implant–abutment complex, and provides stability to the connection [17].

The Brånemark implant (NobelBiocare, Zurich, Switzerland), the first commercially available
screw-shaped implant, is a representative external connection-type implant. When masticatory force is
applied to this type of implant, the vertical component of the masticatory force is supported by the top
platform of the implant. The lateral component of the masticatory force is placed on the hex structure
of the top of the implant and the abutment screw, and the rotational component of this force is resisted
by the hex structure.

Previous biomechanical analyses indicate that the manufacturer’s recommended torque of 30–35
Ncm is not sufficient to prevent screw loosening [17,18]. Repeated tightening of the abutment screw
is considered essential because of the preload loss in screw mechanics, which is the cause of screw
loosening [17]. It is also helpful to use other methods in addition to screw tightening to maintain the
stability of the implant–abutment connection. One option that makes this possible is the use of the
frictional force generated between the interfaces.

2.2. Internal Friction Connection: Frictional Interface

In internal friction connections, stability is maintained by close contact between the inner surface
of the implant and the outer surface of the abutment, in addition to the preload applied to the abutment
screw. The tight contact between the abutment and implant creates frictional force, and this plays a
major role in supporting the stability of the connection. Therefore, this type of connection is also called
a friction-screw-retained connection.

The degree of tapering at the interface between the implant and the abutment is an important factor
to consider when determining the abutment mobility of the internal conical connection. A wider tapering
angle will result in a more unstable connection in this type of internal connection, although the possibility
of implant fracture decreases [16,19]. In addition, the role of frictional forces in maintaining the stability
of the connection is decreased, while the burden on the abutment screws is increased (Figure 1).

Figure 1. The degree of conical connection. A wider tapering angle (left) results in a more unstable
connection for abutment mobility in internal connection-type implants.
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A systematic review reported that internal friction connection provides less microleakage at the
implant–abutment interface than external hex connection type in both static and dynamic loading
tests [20]. The presence of gap could lead to accumulation of bacteria and the phenomenon might
affect the success rate of implants.

When an abutment is connected to an internal conical connection-type implant, the abutment
is first brought into contact with the upper part of the implant inner wall [19,21]. As the implant at
the top is slightly flared, it comes into greater contact with the abutment as the implant is combined.
The abutment screw becomes slightly loosened when the abutment is completely combined with the
implant by opening the implant wall. Because of the preload loss from such an abutment sinking and
settling effect, repeated screw tightening is essential [18,22].

3. Soft Tissue Responses to Different Implant System Materials and Structures

3.1. The Soft Tissue Seal Theory

Humans are exposed to a variety of external environments involving external forces, ultraviolet
rays, and microorganisms. Human skin is the first line of defense that protects the human body against
these external stresses. When human skin is pierced, the resulting hole must be closed by the immune
system and healing mechanisms.

Teeth are one of the few organs in the human body that are located across the skin. The root of
the tooth is surrounded by alveolar bone, while the part that penetrates through the soft tissue is in
contact with epithelial tissue and/or the connective tissue of the mucosa [23]. Holes in the mucosa
created by teeth are sealed by a special structure composed of epithelium and connective tissue [23].
An internal basal lamina and the hemi-desmosomes of epithelial tissue are attached to teeth, and a
combination of dento-gingival fiber and cementum links teeth to the surrounding connective tissue.
The holes connecting the inside and outside of the human body that contain teeth are secured by soft
tissue attachments [23].

Like natural teeth, dental implants are an artificial organ located in a hole on the surface of the
body, and the hole is sealed via a mechanism similar to the one that seals the holes around natural
teeth using soft tissues. However, these sealing mechanisms are not identical to each other. Dental
implants are in contact with the alveolar bone or soft tissue (epithelial and connective tissue) of the
transition area (Figure 2) [24]. Fibers in the connective tissue attached to the abutment mainly run
parallel to the surface and are circular in shape, whereas dento-gingival fibers, such as Sharpey’s fibers,
are attached vertically to the cementum in natural teeth (Figure 1) [24].

Figure 2. Soft and hard tissues with collagen fibers surrounding a natural tooth (left) and a dental
implant (right).
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A scanning electron microscopy study showed that there are two distinct layers in the area within
200 μm of where the implant abutment comes into contact with the connective tissue. The inner 40
μm of this layer contains multiple fibroblasts that are attached directly to the surface of the abutment,
while the outer 160 μm of this layer contains numerous collagen fibers [25]. Hence, the attachment of
connective tissue to the abutment is maintained by fibroblasts attached to the titanium surface of the
implant, and the elasticity of circular collagen fibers. For this reason, compared with the attachments of
natural teeth, which involve direct attachment to connective tissue, attachments formed by connective
tissue around an implant abutment are weaker.

Epithelial tissue is attached to the implant abutment via an internal basal lamina and
hemi-desmosomes in a manner similar to the attachment of natural teeth [26–29]. However, epithelium
attachment includes the internal basal lamina and hemi-desmosomes formed only in the lower part of
the peri-implant epithelium around the implant abutment, whereas in natural teeth, these attachments
are widely distributed throughout the junctional epithelium–tooth interface [30–32]. Thus, epithelial
adhesions that form around the implant abutment are more vulnerable than those that form around
natural teeth owing to their limited area of distribution.

In summary, both epithelial and connective tissues are more weakly attached to implant abutments
than to natural teeth. Hence, holes on the surface of the human body that contain implants are more
vulnerable to containment failure. This mechanism of blockade by soft tissue is called a ‘soft tissue
seal’ [30,33].

3.2. Attachment of Soft Tissue

The stability and immobility of soft tissue attachments in contact with the implant abutment are
important factors that affect the long-term prognosis of the implant [30,33]. If the soft tissues around
the implant are deformed owing to the movement of the lip, cheek, tongue, or jaw, the weak soft
tissue seal surrounding the implant may be destroyed. This allows microbes to penetrate through the
damaged mucosal seal, increasing the likelihood of disease around the implant [30,33]. Therefore, a
stable soft tissue seal is essential to prevent microbial invasion and peri-implant disease [33–35].

The soft tissues around natural teeth are separated into the lining mucosa and masticatory mucosa,
of which the masticatory mucosa is composed of the free and attached gingiva (Figure 3). The attached
gingiva is in permanent and intimate contact with the surface of the enamel, the cementum, and the
alveolar bone, thereby immobilizing the soft tissue [23]. It is, therefore, possible to retain the firmness
and health of the mucosal seal by preventing it from detaching.

Figure 3. The structure of soft tissue around a natural tooth (left) and a dental implant (right).
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Among the soft tissues surrounding an implant, the attached gingiva differs from those surrounding
natural teeth [24]. The gingiva attached to the peri-implant can be divided into two parts: bone-attached
and abutment (or implant)-attached gingiva (Figure 3). The bone-attached gingiva is identical to the
corresponding tissue in natural gums, and rigidly immobilizes the soft tissue. However, as mentioned
above, the abutment- (or implant)-attached gingiva more weakly adheres than the attachment gingiva
that surrounds natural teeth [24]. Owing to the weak structure of the abutment- (or implant)-attached
gingiva, the width of the bone-attached gingiva around the implant should be wide enough to prevent
mucosal mobility, and thereby prevent the occurrence of peri-implant disease due to the collapse of the
mucosal seal [24,33].

3.3. Disruption of the Soft Tissue Seal

The soft tissue seal is mainly destroyed via two mechanisms; instability of the peri-implant
mucosa or the implant-abutment assembly. If there is no bone-attached gingiva around the implant,
the soft tissue can become mobile, and the mucosal seal will inevitably rupture. When the mucosal
seal is destroyed, bacteria can penetrate the internal environment through the transmucosal rupture
site, potentially leading to peri-implant disease [36]. Therefore, because of the weakness of the soft
tissue attachment, it is important to ensure there is sufficient bone-attached gingiva around the implant.
Thus, a plan for implant surgery should be established to maintain the bone-attached gingiva following
implant placement.

Instability in the connection between the implant and the abutment can also lead to the disruption
of the soft tissue seal, which may present as mobility of the abutment or the implant. Mobility of
the implant occurs only when osseointegration fails, but mobility of the abutment can occur as a
result of various causes, including fractures of the abutment or implant, even following successful
osseointegration. The most common cause of abutment mobility is the loosening of the abutment
screw that connects it to the implant. Elongation and loosening of the screw caused by the lateral force
of the masticatory load are more frequently observed in external connection-type implants than in
internal connection-type implants [15].

In external-type implants, there is slight machining tolerance around the hex component, resulting
in micromobility in the abutment. This external hex connection is, therefore, a mobile structure.
Thus, most occlusal forces are concentrated on the abutment screw. This micromobility is likely to
cause disruption of the soft tissue seal, bacterial infiltration, and peri-implant disease [37] (Figure 4).
Implant systems with an external hex connection were originally developed for the mandibular
restoration of a completely edentulous patient wearing a maxillary complete denture. The occlusal
force in such patients is weak, and this mobile connection is able to bear this weak masticatory
force with few screw loosening events or breakdown of the soft tissue seal. However, such unstable
implant–abutment connections can provoke severe peri-implant problems for a partially edentulous
patient with antagonistic natural teeth and a strong occlusal force. To reduce the micromobility of the
abutment, the external hex must be lengthened, and the machining tolerance between the male and
female components must be minimized. Furthermore, it may be possible to fabricate an abutment
screw using a stronger material, or by widening the platform size of the top of the implant to minimize
the force concentrated on the abutment screw. In addition, when the abutment is fastened to the
implant, applying higher torque may also be employed to increase the stability of the connection.
However, none of these methods can completely eliminate the micromobility of the abutment in
external connection-type implants.

In internal connection-type implants, the abutment–implant connection is firm owing to a process
similar to cold-welding. Unlike external connections, in which the occlusal force is concentrated
mainly on the abutment screw, the occlusal force is transmitted to the implant inner wall through the
abutment–implant connection in internal connection-type implants. Therefore, less screw loosening
occurs in this type of implant. In addition, the abutment–implant contact area is wider internal

81



Materials 2020, 13, 72

connection-type implants, and this prevents stress from concentrating at specific sites such as the
abutment screw, and contributes to the stability of the soft tissue seal.

Figure 4. Schematic illustration of the ‘soft tissue seal’ theory. Micromobility of the abutment in external
connection-type implants disrupts the surrounding soft tissue seal, which plays an important role in
preventing external irritants from penetrating into the body. (a) External connection-type implant.
(b) Parts experiencing the greatest stress (red lines) from eccentric forces (red arrows). (c) Abutment
screw-loosening (red rotated arrow) by eccentric forces (red arrows).

3.4. Submerged and Nonsubmerged Implants

Depending on whether the top of the implant is at the alveolar bone or gingival level, implants can
be divided into submerged-type and nonsubmerged-type. For submerged implants, the soft tissue seal
is formed at the abutment area, rather than at the neck part for the nonsubmerged type. Histologically,
there are no significant differences in the degree and pattern of soft tissue attachment to implants
between submerged and nonsubmerged types [38]. When nonsubmerged implants are placed at the
proper vertical position of the alveolar bone, the mobility of the abutment does not interfere with the
soft tissue seal, or cause marginal bone resorption, because the interface between the abutment and the
implant is positioned outside the soft tissue [34,35].

When this design was first developed, microgap bacteria residing between the abutment and
implant were considered to be the cause of marginal bone resorption [39–41]. Therefore, a design was
developed to export the position of this microgap outside the body [42]. However, such a design limits
the customization of the patient’s emergence profile, resulting in difficulties in terms of long-term
clinical results for aesthetically acceptable implant prostheses.

To maintain an adequate soft tissue seal, there must be a proper foundation of underlying bone.
However, nonsubmerged-type implants can be susceptible to marginal bone resorption due to the
concentration of stress at the top of the implant [43].

3.5. Materials for Abutment

Achieving soft tissue seals may also depend on the type of material used for the abutment.
Abrahamsson et al. (1998) investigated the stability of soft tissue seals attached via gold alloy, dental
porcelain, titanium, and aluminum oxide. In this study, marginal bone resorption occurred when seals
were attached to surfaces composed of gold alloy and dental porcelain, because no soft tissue seal
formed. However, when titanium and aluminum oxide were used, a soft tissue seal was achieved, and
marginal bone was not absorbed [44]. Welander et al. (2008) also reported that epithelial adhesions
receded around abutments attached via gold alloy [45]. Therefore, when using a UCLA abutment, the
transmucosal area of the abutment is made of gold or dental porcelain, and a soft tissue seal may not
be properly achieved, resulting in marginal bone resorption.
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More recently, titanium and zirconia have been used as materials for abutments. One advantage
of zirconia is that it is more aesthetic than titanium. While several studies show that there are no
significant differences in the soft tissue seal between these two materials, zirconia has a lower fracture
strength than titanium, and is thus more likely to be associated with mechanical complications [45–47].
In addition, adhesion of bacteria to titanium occurs less readily than to zirconia [48].

Recent advances in digital dentistry have made it possible to fabricate and restore
implant-supported restorations in just a single visit. To this end, lithium disilicate and
polymer-infiltrated ceramic network (PICN), which are easy to process on the day, are used as
abutment material. These materials are used as implant abutments after cementing to the prefabricated
titanium base with adhesive resin cement. Although little research has been conducted on the soft
tissue seal of these new materials, Smallidge et al. have reported favorable epithelial cell growth on the
PICN surface when PICN has a relatively low surface roughness (Ra < 0.254 μm) [49]. Another recent
study reported that the surface roughness of lithium disilicate was smoother than that of PICN after
the same polishing process with 6 μm diamond slurry, and the surface roughness of both of materials
was unaffected by the ultrasonic scaling procedure [50]. Mehl et al. found that the adhesive resin joint
connecting the titanium base and the abutment materials had neither influence on soft tissue anatomy
nor on bone loss in the animal study [51]. In zirconia abutments, however, junctional epithelium was
significantly shorter than titanium one-piece abutments [51]. Ongun et al. measured the mechanical
properties of these hybrid-type abutments including titanium bases, showing that PICN had lower
fracture resistance and weaker adhesion to resin cements compared with lithium disilicate ceramic [52].
Such mechanical failure of PICN hybrid-type abutments could also cause the soft tissue seal to break.

3.6. Detachment of Abutments

When the abutment becomes disconnected from a submerged-type implant, the soft tissue seal
is broken, and microorganisms in the oral cavity can then penetrate into the tissues surrounding the
implant [53]. This may result in the loss of marginal bone. Abrahamsson et al. reported that the
absorption of marginal bone is doubled when the abutment is detached five times [54]. For these
reasons, some clinicians have proposed the ‘one abutment-one time (OAOT)’ concept to prevent
marginal bone loss [55,56]. Clinicians should be aware that during a prosthetic restoration procedure,
or during the postrestoration maintenance period, it may be advantageous to minimize the process of
removing the abutment.

A systematic review suggested that the OAOT protocol might preserve peri-implant bone loss and
soft tissue changes for two reasons [57]. First of all, the micro-gap between abutment and implant could
cause to bacterial leakage and micromotion, and this might lead to the inflammation of peri-implant
soft tissue and bone resorption. The OAOT protocol could provide less micro-gap because healing or
temporary abutments were installed by less preloading force (<10 Ncm) than final abutments (about
30 Ncm) [57]. Second, the OAOT protocol could reduce the disruption of the soft tissue seal around
the implant abutment complex to avoid repeated the dis/reconnection of abutments [57].

3.7. Surface Modification of Abutments

Various technologies have been explored for improving the soft tissue seal at the transmucosal
part of the abutment, including surface treatments, such as coating, machining, blasting, plasma
spraying, etching, and laser processing [58].

Yang et al. reported that, when ultraviolet light is applied to surfaces, gingival fibroblasts
proliferate more readily on surfaces made of zirconia [59]. Several studies showed that, when an
abutment is laser-treated, the connective tissue is directly attached to the surface of the abutment by
perpendicular fibers [60–62]. In addition, as the surface roughness of the transmucosal part of the
abutment increases, the soft tissue seal improves. This may be because a rougher surface has a larger
surface area to which the soft tissue can attach [63]. A previous study also suggested that hydrothermal
treatment on titanium alloy could change minimally surface topography to enhance hydrophilicity [64].
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Subsequently, the treatment contributed to the integration of epithelial cells to the surface and might
facilitate the healthy epithelial tissue sealing around the transmucosal part of the implant [64].

The surface of the abutment can be modified to change the surface roughness or the free energy.
While this may enhance the soft tissue seal, it can also increase plaque accumulation and the tendency
for bacterial colonization to occur [65,66]. Thus, surface treatments applied to abutments should be
carefully selected.

4. Hard Tissue Responses to Implant System Materials and Structures

4.1. The Bone Stimulation Theory

The soft and hard tissues surrounding the implant play complementary roles. Alveolar bone is a
hard tissue that withstands the masticatory force applied to the implant, and serves to transmit it to
the jawbone. The soft tissue, gingiva, and mucosa protect the alveolar bone from external irritants
such as bacteria. The condition of the soft tissue is maintained by the underlying alveolar bone, and
the alveolar bone is protected by the overlying soft tissue.

In general, after the restoration of an implant, between 1 and 1.5 mm of the marginal bone around
the implant is absorbed during the first year owing to the application of occlusal force, and 0.2 mm
is absorbed per year thereafter [67]. On the basis of the results of studies showing that marginal
bone is steadily absorbed every year, it was thought that long-length implants should be beneficial
for long-term predictability [67]. This was observed in long-term studies of the Brånemark system
using an external connection-type implant, which is limited and inapplicable to some internal friction
connections [14,68,69]. By contrast, several studies on a certain implant connection system reported
that peri-implant marginal bone is increased by occlusal loading [68,69]. Because the use of long
implants is likely to cause damage to important anatomical structures such as nerves, it may be
more advantageous to insert short implants if warranted for long-term prognosis without marginal
bone resorption.

In natural dentition, when periodontal disease occurs or a natural tooth is lost, the alveolar bone
of the corresponding region is resorbed. However, when the natural tooth and the periodontal tissue
are healthy, the alveolar bone is well-maintained. Except for a small amount of loss due to mechanical
degeneration or aging, the alveolar bone should be well-maintained throughout life, as periodontal
ligaments have been shown to transfer adequate stimulation to alveolar bone. Otherwise, disuse
atrophy of the bone can occur. From this point of view, if the peri-implant bone is appropriately
stimulated by the implant, the peri-implant marginal bone will not be resorbed, and the quantity and
quality of the bone are likely to be preserved.

The Astra implant system (Dentsply Sirona, Charlotte, NC, United States) involves an internal
friction connection type, and was the first connection system to embody this concept. The
implant–abutment connection of this system improves the amount and quality of peri-implant
bone by properly transmitting the masticatory force to the surrounding alveolar bone. This hypothesis
was reported by Frost [70] and can be applied to alveolar bone as well as to other bones in the human
body [70]. Hence, under conditions involving the application of appropriate strain to human bone,
osteoblasts are activated, which increases the amount and quality of the bone.

Before existing implant systems were widely used in clinical practice, various types and shapes
of implants were developed, and most disappeared without displaying any ability to withstand
mechanical or biological complications [71,72]. The Brånemark system was the first to achieve
successful long-term predictable prognosis, and the consequential popularization of implants. Unlike
previous plain-shaped systems, this system can deliver occlusal force to the alveolar bone because it has
a thread on the implant surface [71,72]. The thread of the implant transforms the shear stress generated
at the interface between the implant and the bone into compressive stress so that the appropriate
stimulus can be transmitted to the bone (Figure 5). This stimulation is one of the factors that allows the
bone to remain stable over the long term.
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Figure 5. The thread function of non-threaded (left) and threaded (right) dental implants. Shear force
(red arrows) is transformed into compressive force (green arrow) by the threads. Note the reduction of
shear force due to the partial switch to compressive force in the magnified diagram (vertically and
horizontally; not marked).

A disadvantage of these external connection-type implants is that the soft tissue seal formed
around the abutment is destroyed by micromobility at the connection. The Brånemark implant
represents the beginning of modern implants, and was the first system to perform well in clinical
practice. However, marginal bone resorption was found to be caused by the destruction of the
soft-tissue seal. To prevent such marginal bone loss, an Astra internal connection implant system was
developed. This internal friction system maintains bone by applying appropriate stimulation to the
bone around the implant without loss of the soft tissue seal around the implant.

4.2. Mechanism of Bone Stimulation

The connection of the Astra implant system has an internal conical shape with a slope of 11 degrees.
The occlusal force applied to the abutment is transmitted to the implant through this conical connection.
The masticatory force delivered to the implant thus becomes the source of the stain to stimulate the
alveolar bone [73]. Thus, when the abutment receives occlusal force and sinks downward, the conical
opening of the implant is opened wider, and the bone around the implant is consequentially stimulated
(Figure 6). This stimulation activates osteoblasts in the alveolar bone, thereby increasing the amount
and quality of alveolar bone. This increase in alveolar bone can lead to a positive change in the
results of clinical procedures. This reduces the need for invasive bone grafting or the placement of
excessively long implants during implant surgery. This represents a positive result for both the patient
and the surgeon.

4.3. Prevention of Hard Tissue Loss

The marginal bone loss that occurs in the mobile connection of external connection-type implants
does not lead directly to the failure of the implant. However, it can cause considerable complications
in the tissue surrounding the implant. In general, these external connection implants are known to lose
marginal bone up to the second or third thread level of the implant [74]. This bone loss can alter the
properties of the overlying soft tissue, resulting in a reduction in the attached gingiva. This weakens
the soft tissue seal and increases the likelihood of bacterial invasion and peri-implantitis. A detailed
periodical examination of the condition of tissues around the implant is thus essential for long-term
success when external connection-type implants are used.
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Figure 6. Schematic drawing of bone stimulation. When occlusal force is applied to an internal
connection-type implant, the implant around the connection expands and stimulates the surrounding
bone to induce bone proliferation. (a) Internal friction connection-type implant. (b) The occlusal force
is transmitted to the implant through the conical connection parts (red lines). (c) The coronal expansion
of the implant (curved red arrows) becomes the source of the strain that stimulates the alveolar bone.

The issue of whether gingiva must be present for the health of natural teeth has been investigated.
Clinically, even if the gingiva cannot completely wrap the tooth, it should be able to prevent the
movement of the surrounding soft tissue from being transmitted to the free gingiva [75]. In other
words, cheek, lip, and mandibular movements should not be transferred to the marginal gingiva.
To achieve this, a certain amount of attached gingiva must be present to prevent the penetration of
bacteria into the periodontal tissue [76].

This principle of natural dentition should also be borne in mind when considering implant
restorations [77]. An appropriate amount of attached gingiva should be present, rather than free
gingiva alone, to prevent microbial invasion into tissue surrounding the implant. According to the
systematic review in 2018, if there is the insufficient attached gingiva around implant, the apically
positioned flap with autogenous graft is suggested to increase the width of the gingiva [78]. However,
it is not enough simply to increase the width of attached gingiva, because this surgical procedure
is unable to alter the level of mucogingival junction [79]. Additional vestibuloplasty is, therefore,
recommended to create “new” mucogingival junction by preventing the movement of the lips and
cheeks from affecting the free gingiva.

In addition, abutment and restoration contour have been recently reported to have effects on
marginal bone loss. An emergence angle of more than 30 degrees and a convex emergence profile may
increase the risk of peri-implantitis [80]. The association between the restoration contour and the soft
tissue seal remains uncertain. However, in order to prevent the bone loss, it is important to maintain
the favorable soft tissue environment by adjusting the emergence angle, the emergence profile, the
position of a restoration margin, and the removal of excess cement [80–82].

5. Summary

Dental implants should be capable of performing dental functions for a prolonged period of time.
For this to be possible, the health of the surrounding soft and hard tissues is essential. Alveolar bone
must be able to withstand masticatory force, and the overlying soft tissue should be able to protect the
alveolar bone from external irritants.

The soft tissue seal is weaker around implants than around natural teeth. Thus, to avoid damage,
the peri-implant soft tissue seal should not be mobile. Free and abutment-attached gingiva cannot
prevent the destruction of the soft tissue seal that results from the movements of the lips and cheeks.
Additionally, it is impossible to prevent all micromobility of the abutment in external connection-type
implants. Hence, it is necessary to secure sufficient bone-attached gingiva, or use an implant system
with extensive and deep connections, such as internal connection-type implants. The resulting
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immobility contributes to the maintenance of a healthy soft tissue seal, and prevents bacterial invasion
into the peri-implant tissue. In addition, internal connection-type implants can transform occlusal load
into strain that stimulates the surrounding bone through the abutment–implant connection. This strain
enhances the amount and quality of peri-implant bone.

Taking these findings into account, clinicians may find it advantageous to select internal conical
connection-type implants rather than external connection-type implants, to allow dental implants to
function properly as artificial organs with long-term predictability.
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Abstract: (1) Background: The stability of the dental implant–abutment complex is necessary to
minimize mechanical complications. The purpose of this study was to compare the behaviors of
two internal connection type fixtures, manufactured by the same company, with different connection
designs. (2) Methods: 15 implant–abutment complexes were prepared for each group of Osseospeed®

TX (TX) and Osseospeed® EV (EV): 3 for single-load fracture tests and 12 for cyclic-loaded fatigue
tests (nominal peak values as 80%, 60%, 50%, and 40% of the maximum breaking load) according
to international standards (UNI EN ISO 14801:2013). They were assessed with micro-computed
tomography (CT), and failure modes were analyzed by scanning electron microscope (SEM) images.
(3) Results: The maximum breaking load [TX: 711 ± 36 N (95% CI; 670–752), EV: 791 ± 58 N (95%
CI; 725–857)] and fatigue limit (TX: 285 N, EV: 316 N) were higher in EV than those in TX. There
was no statistical difference in the fracture areas (P > 0.99). All specimens with 40% nominal peak
value survived 5 × 106 cycles, while 50% specimens failed before 105 cycles. (4) Conclusions: EV has
improved mechanical properties compared with TX. A loading regimen with a nominal peak value
between 40% and 50% is ideal for future tests of implant cyclic loading.

Keywords: dental implants; fracture strength; mechanical stress; fatigue; dental implant–abutment
connection; dental implant–abutment design

1. Introduction

Dental implants have been a fairly reliable and predictable treatment option for edentulous patients
since their introduction [1]. In previous systematic reviews, a 5-year survival rate of 95.6–97.2% and
10-year survival rate of 93.1% in implants supporting fixed partial dentures were reported, implying
that implants have a high survival rate [2–4]. Although dental implants have been clinically and
scientifically studied as a viable treatment option to restore the edentulous area [5–7], complications
remain a big concern for clinicians. Complication of dental implants can be mainly classified as
either biological or mechanical. Biological complications include early loss of osseointegration,
marginal bone loss, and peri-implantitis, eventually leading to the implants failing and falling out.
Mechanical complications include loose abutment or screw, veneer or ceramic fracture, loss of retention,
sinking down of abutment, and fracture of implant fixture, abutment, or screw [2]. Previous reports
have demonstrated incidence rates of implant fixture fracture of 0.2–1.1% and abutment or screw
fracture of 0.7–2.3% [2]. In particular, fracture of implant fixture is a catastrophic complication,
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which requires extensive surgical treatments. To overcome mechanical failure of dental implants and
guarantee long-term clinical success, the stability of the implant–abutment connection to withstand
a masticatory load is important [4,8]. The mechanical stability of the connection may be affected by
modifying the implant–abutment connection design as well as by improving material properties of
the components [9]. Recently, manufacturers of dental implant systems such as Astra Tech Dental
have introduced a modified connection design of the dental implant fixture to improve its mechanical
properties. To date, however, only a few studies have demonstrated the effect of different connection
designs on the mechanical properties of the implant fixtures [10].

Fatigue is the process of localized, permanent structural change of a material under fluctuating
stress [11]. Mechanical complications of implants are generally caused by fatigue stress related to
mechanical overload [12]. The interpretation of fatigue limit in implants is slightly different from
general mechanics. The fatigue limit of dental implants is defined as “the maximum loading value that
can withstand 5 × 106 cycles”, contrary to the general definition in mechanics: “the maximum loading
value that can withstand infinite cycles” [11,13]. To evaluate fatigue stress in the laboratory, finite
element analysis and cyclic loading can be utilized [14–16]. While finite element analysis is considered
to simulate fairly reliable results, cyclic loading is used as a method to observe the mechanical
properties of actual specimens [16]. To standardize the testing method in the laboratory, ISO 14801 was
suggested to simulate a “worst-case scenario” applied on an implant–abutment assembly and consists
of sinusoidally curved cyclic loading [13]. These methods can be utilized to substitute in vivo tests,
and while a generalized clinical conclusion may not be drawn, a tendency can be observed to provide
insight to researchers and clinicians.

The purpose of this study was to compare the mechanical behaviors of two internal connection
type dental implant fixtures with different connection designs manufactured by a single manufacturer.
By strictly adhering to the procedures considered as the norm, it may provide data on implant systems
widely used on the market, and moreover, supply background for additional protocols to the universal
standard. The null hypothesis was that the fatigue behavior including the mode of failure of the dental
implant–abutment complex is not affected by the modification of the connection design of the dental
implant fixture.

2. Materials and Methods

2.1. Preparation of Specimens

The fixtures and abutments tested in this study are listed in Table 1 and the flow of the experiment
is shown in Figure 1. A total of 30 implant–abutment assemblies were prepared for test and control
groups (n = 15 per group): Osseospeed® EV (EV) and Osseospeed® TX (TX) (Astra Tech Dental,
Dentsply Sirona Implants, Mölndal, Sweden). Among the 15 specimens, 3 were tested for single-load
fracture tests to identify the maximum fracture load and the other 12 specimens were divided into
4 groups (n = 3 each) for fatigue test under cyclic loading. Each specimen was marked with an indelible
marker indicating where the load would be applied to analyze the fractured surface with a scanning
electron microscope (SEM). Each implant and abutment was connected with a torque of 25 N cm,
as recommended by the manufacturer.

2.2. Micro-CT Image Observation

The implant–abutment assemblies were scanned with micro-computed tomography (CT) scanner
(SkyScan 1172, Bruker, Kontich, Belgium) to obtain a series of detailed structural images prior to cyclic
loading. The samples were firmly fixed to a full 360◦ rotational inspection jig. The frame rate was four
frames per rotational step of 0.5◦, for a total of 2880 images per specimen.
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Table 1. Materials used in this study. All fixtures and abutments were composed of commercially pure
grade 4 titanium.

Components Test Group Control Group

Implant Fixture
OsseoSpeed® EV
(4.2 mm × 11 mm)

OsseoSpeed® TX
(4.0 mm × 11 mm)

Abutment
TiDesign® EV

Abutment height: 5.5 mm
Gingival height: 2.5 mm

TiDesign®

Abutment height: 5.5 mm
Gingival height: 1.5 mm

Manufacturer: Dentsply Sirona Implants, Mölndal, Sweden.

Figure 1. Overall flow of the experiment.

2.3. Single-Load Failure Test and Fatigue

All mechanical tests were performed according to ISO 14801:2013 (Figure 2). The testing apparatus
should impose a force within± 5% of the maximum error range of the nominal peak value with constant
frequency. The testing apparatus should also be able to monitor maximum and minimum load values
and to stop when the specimen fractures. A servo-hydraulic test system (MTS Landmark, Minneapolis,
MN, USA) under load control was used. Single-load failure tests and fatigue tests were conducted
in an atmospheric environment of 20 ◦C ± 5 ◦C. Each implant–abutment assembly was inserted in
a custom stainless-steel jig and collet up to the first thread of the implant fixture (approximately
3.0 mm). The collets were then held at a 30◦ off-axis angle and fixed to the jig and testing machine.
A hemispherical cap was engaged to the implant–abutment assembly, contacting the flat head of the
universal testing machine. Compressive load increasing at a speed of 1mm/min was applied to the
implant–abutment assembly until fracture or deformation occurred. Three implants from each group
were tested and their maximum fracture load values were recorded. The average value of maximum
fracture load of the tested implants served as the nominal peak value for the fatigue test.

For the fatigue testing under cyclic loading, we applied a sinusoidal oscillation with 15 Hz
frequency between a nominal peak level (maximum) and a 10% value of the nominal peak level
(minimum) to the implant–abutment assembly. The cyclic loading was conducted until the fracture
occurred. If fracture did not occur, the cyclic loading was conducted up to a maximum number of
5 × 106 cycles. The nominal peak levels of 80%, 60%, 50%, and 40% of the maximum fracture load from
the previous single-load-to-failure test were selected. Three samples for each nominal peak level group
were tested and the number of cycles in which fracture occurred was recorded. If the implant–abutment
assembly survived the entire loading cycle, 5 × 106 cycles were recorded. The results were then plotted
on an S/N curve, which is a plot of the magnitude of an alternating stress versus the number of cycles
to failure for a given material. The S/N curves were estimated by a logarithmic linear regression model
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utilizing the least squares method. The fatigue limit of the tested dental implant was defined as the
maximum fracture load value which can withstand 5 × 106 cycles [13].

Figure 2. Schematic diagram of the loading test device according to ISO 14801:2013.

2.4. Failure Modes and Microscopic Observation

The fractured area of each implant–abutment assembly was microscopically observed and divided
into three categories of failures: fixture-level, abutment-level, and screw-level. Two representative
specimens were randomly selected before fatigue testing to examine the connection area of the intact
implant–abutment assembly using a field emission scanning electron microscope (SEM) (S-4700,
Hitachi, Tokyo, Japan). The specimens were inspected one more time after fatigue testing. The frontal
and coronal sectional views of fractured specimens were microscopically examined with 15.0 kV
accelerating voltage at ×25 and ×30. For the frontal view, specimens were aligned to show the loading
direction from left to right. The abutment and fixture cross-sectional views were symmetrically aligned
such that the loading direction could be observed from 12 o’clock and 6 o’clock respectively.

2.5. Statistical Analysis

Mean values and standard deviations of the maximum breaking loads and mean values of the
performed cycle from the fatigue tests were calculated. Fisher’s exact test was used to analyze the
numbers of each type of failure to evaluate the difference of failure modes (fixture-level, abutment-level,
and screw-level failure). All statistical analyses were performed using SAS® version 9.4 (SAS Institute,
Cary, NC, USA).

3. Results

3.1. Micro-CT Image Observation

Frontal and coronal cross-sectional views of micro-CT showed the detailed design of TX and EV
(Figure 3). The thinnest areas, excluding the most coronal portion of the fixture, were expected to be the
initiation point of the crack; however, the initiation point was the first thread under the microthread,
which does not coincide with the thinnest part.
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Figure 3. Frontal and cross-sectional micro-CT view: (a) TX, (b) EV; red arrow = location of the thinnest
part of the implant fixture.

3.2. Maximum Breaking Load and Fatigue Limit

The TX samples that underwent single-load failure tests showed a mean maximum breaking
load of 711 ± 36 N (95% CI; 670–752), and the EV samples showed an average value of 791 ± 58 N
(95% CI; 725–857) (Table 2). The trend of the load and fracture of the specimens was plotted on a
time–load diagram, the peak being the point when deformation occurs on the implant–abutment
complex (Figure 4). Fatigue testing results are shown in Table 3 and were plotted on an S/N curve
with the logarithmic values of the cycles endured on the X-axis and nominal peak level on the Y-axis
(Figure 5). All three TX samples of 40% nominal peak level of 285 N endured 5 × 106 cycles, whereas
the other nine specimens failed to resist breaking. The fatigue limit was 285 N to withstand 5 × 106

cycles. However, all three EV samples of 40% nominal peak level of 316 N endured 5 × 106 cycles,
while the other nine samples failed. The fatigue limit was 316 N to withstand 5 × 106 cycles.
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Figure 4. Single-load-to-failure test results with two different implant fixtures: (a) TX, (b) EV.
Compressive load increasing at a speed of 1mm/min was applied. The peak indicates when deformation
starts to occur on the implant–abutment assembly, which is the maximum breaking load. The average
maximum breaking load of TX = 711 ± 36 N; EV = 791 ± 58 N.
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Table 2. Values of the maximum breaking loads in single-load failure tests on three specimens each.

TX Ø4.0 Load at Break (N) EV Ø4.2 Load at Break (N)

698 N 856 N
684 N 772 N
752 N 745 N

Mean ± SD 711 ± 36 N Mean ± SD 791 ± 58 N

Table 3. Values of the Fatigue Tests.

TX Ø4.0

Loading Level (%) Sinusoidal Loading (N) Number of Performed Cycles Mean

80 57–569 3209; 4369; 3851 3810

60 43–426 25,884; 14,353; 13,742 17,993

50 36–355 19,549; 66,014; 61,825 49,129

40 29–285 5,000,000; 5,000,000; 5,000,000 5,000,000

EV Ø4.2

Loading Level (%) Sinusoidal Loading (N) Number of Performed Cycles Mean

80 63–632 6696; 8567; 9333 8199

60 47–474 16,118; 39,423; 11,219 22,253

50 40–395 75,210; 23,584; 47,651 48,815

40 32–316 5,000,000; 5,000,000; 5,000,000 5,000,000

 

0

100

200

300

400

500

600

700

3 4 5 6 7

FO
RC

E 
(N

)

LOG10(CYCLE)

0

100

200

300

400

500

600

700

3 4 5 6 7

FO
RC

E 
(N

)

LOG10(CYCLE)

(a) (b) 

3x 
3x 

Figure 5. Plotted S/N curves from cyclic loading tests results: (a) TX, (b) EV. The x-axis represents the
logarithmic value of the number of cycles performed. The loading level represents the maximum of the
sinusoidal loading level; red arrow = 3 dots overlapped.

3.3. Failure Modes

Failure modes were observed to speculate the fracture mechanism of the TX and EV samples
and are shown in Table 4. For the TX groups, every tested assembly except one, which showed
abutment-level failure at the 80% loading level, exhibited failure at the fixture level. For the EV
groups, two tested assemblies appeared to have torn-out fixtures at the 80% loading level, which were
designated as fixture-level failures. The other assemblies exhibited fixture-level fractures occurring
between the first and second threads. All fractures of the specimens were accompanied by screw
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fractures. There was no statistical difference between fractured areas between the TX and EV groups
(P > 0.99).

Table 4. Fisher’s exact test showed no difference between fractured areas (P > 0.99).

Fractured Area
Failure Aspect (TX Ø4.0) Failure Aspect (EV Ø4.2)

Static Load Cyclic Load Static Load Cyclic Load

Abutment
Fracture

0 1 0 0

Fixture Fracture 3 8 3 9

3.4. Microscopic Observation

Based on the SEM examination, all the samples, except one TX sample which had an abutment-level
fracture, showed a tendency of fixture-level fracture around the first and second threads apical to the
microthread area. The thinnest part at the implant–abutment interface and the fractured area did
not correspond for TX specimens (Figure 6). For the EV specimens, the 50% loading-level group was
characterized with a clean-cut fracture tendency at the first thread level. The other groups showed a
tendency to be torn out in a wavy pattern apical and coronal to the first thread. The fractured area was
almost at the same level as the thinnest part of the fixture itself (Figure 7). Therefore, from the results,
the null hypothesis was accepted.

 
Figure 6. Frontal view of TX samples (×30). Fixtures are aligned to represent a load subjected from left
to right.
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Figure 7. Frontal view of EV samples (×25). Fixtures are aligned to represent a load subjected from left
to right.

4. Discussion

During masticatory function, the dental implant fixture and abutment complex should withstand
high axial and lateral force of the jaw [17]. An average value of the axial direction force on a single
molar implant restoration was previously reported as 120 N [18]. The reported values of maximum
loads ranged from 108 to 299 N in the incisor region and from 216 to 847 N in the molar region [18–21].
In previous research, Park et al. have reported fracture strength under static loading between 799 and
1255 N in the grade 4 titanium implant–abutment assemblies with a diameter close to 4.0 mm [22].
Marchetti et al. have reported fracture strength of 430 N and a fatigue limit of 172 N (i.e., 40% of the
maximum breaking load) in a grade 4 titanium implant fixture with a diameter of 3.8 mm [23]. Although
a direct comparison between current findings and previous results was impossible due to the difference
in the loading conditions between the studies, a similar tendency could be observed. Both TX and EV
systems used in this study could overcome the normative requirements, and could be characterized by
stable mechanical properties. Furthermore, the calculated fatigue strength proportion between TX and
EV in our study was approximately 11%. A study conducted by Johansson and Hellqvist has previously
reported that the EV system had 11–20% superior fatigue resistance compared to the TX system, which
was consistent with the current findings [24]. The increased strength of EV may be the result of a
more apically-located implant–abutment joint area, leading to a better stress distribution, which can be
speculated from the micro-CT images. Even with similar chemical compositions, the geometry of the
implant–abutment connection can affect the mechanical performance in dental implants. Therefore,
the clinician should consider the mechanical properties of implant systems in the treatment planning
phase, especially in locations where intraoral conditions may be harsh.

Although ISO 14801 provides a standardized protocol for cyclic loading, it does not provide a
loading regimen other than starting at a nominal peak value of 80%, and so one must design the
interval between the loading values. This leaves the researcher to guess a nominal peak value that can
withstand 5 × 106 cycles, which in this case was 40%. However, a 50% nominal peak value seems to be
too high a value to accurately estimate the fatigue limit. The 40% groups of TX and EV in this study
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that endured 5 × 106 cycles are equivalent to 20 years of service time in the mouth. Previous studies
have shown that humans have an average of 250,000 mastication cycles per year [25,26]. Therefore,
it can be assumed that 5 × 106 cycles are equivalent to 20 years of service time in the mouth. As the
worst-case scenario simulates the harshest environment, it can also be assumed that both specimens
can successfully survive intraoral clinical conditions. In contrast, the 50% groups fractured before an
average of 50,000 cycles, which is equivalent to less than three months of service time. This “extreme”
loading could have affected the failure modes as well as the estimated fatigue limit. Therefore, a loading
regimen that includes a nominal peak value between 40% and 50% is recommended for future implant
cyclic loading tests. In addition, we speculate that extrapolation to a clinical situation of extreme
loading is less applicable for the interpretation of the 50% peak value.

The observation of fractured areas is also important in understanding the fracture mechanism
in dental implants. With the advance of technology, micro-CT can be used in observing possible
deformations of the dental implant [27]. In this study, the micro-CT images taken before the loading
test revealed design differences between the two fixtures. The thinnest part, excluding the coronal
portion of the fixture, of TX was located at the microthread area, which was approximately 0.5–1 mm
coronal to the first thread of the implant fixture. The thinnest part of EV was located at the first thread
of the implant fixture. The thinnest areas of each fixture are shown in Figure 4 and were expected to be
the mechanically weakest parts, eventually being the fracture-prone area. However, the fracture lines
initiated around the first thread of the fixture in this study. The first thread area was at the same level
as the thinnest part in the EV fixture, while they were not at the same level in the TX. This suggested
that the weakest part, not necessarily the thinnest part, of the TX and EV fixtures was located around
the first thread area. These findings are consistent with a previous study by Shemtov-Yona et al. who
tested a conical 13 mm dental implant made of titanium alloy. Three different diameters (3.3, 3.75,
and 5 mm) at the implant neck were tested for fatigue performance under cyclic loading. All 5 mm
implants fractured at the abutment neck and screw, while all 3.3 and 3.75 mm implants fractured at
the implant body. As the implants became thinner, they showed a tendency to fracture more apically
than thicker samples [10]. While the results of this study showed no statistical difference between
the fracture modes of two groups in the present study (p > 0.99), the one sample that fractured at the
abutment level may have been affected by the diameter of the implant, and not solely from the design
of the connection.

A limitation of this study is the relatively small size of the samples, three specimens for each
group. While ISO 14801:2013 states that at least three specimens for each group is required, the small
size of samples may not be enough to extract a general conclusion. However, the tendency of the
results may provide a surmise on how different implant–abutment complexes react to fatigue. Also,
another limitation of this study is that loading conditions such as the number of cycles, loading force,
and loading angle were not similar to intraoral masticatory conditions. However, to the best of our
knowledge, no testing apparatus or protocol currently can perfectly mimic the function of physiologic
mastication. Additional research with large sample size and long-term cyclic loading program is
required in the future. Also, a standardized testing protocol with further detail may be a prerequisite
to the research.

5. Conclusions

Within the limitation of this study, we conclude the following:
1. While both implant–abutment complexes are suitable for intraoral use, the EV fixtures in this

study performed better than the TX fixtures, which indicates possible differentiation between the two
implant–abutment complex designs.

2. Since all specimens with a 40% nominal peak value survived 5 × 106 cycles and 50% specimens
failed before 105 cycles, a loading regimen with nominal peak value between 40% and 50% may be
recommended for future testing of cyclic loading for the dental implant fixture.
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3. The weakest parts of the tested fixtures were located at the first thread area, which happens
to be the area directly coronal to the fixation simulating a 3 mm bone loss, and not necessarily the
thinnest part.

From these conclusions, future researchers and implant manufacturers may benefit from starting
cycling loading at the loading regimen and by considering the weakest part presented when designing
an implant. On the other hand, clinicians should consider the mechanical properties of the implants
they plan to use.
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Abstract: The aim of this study was to examine the settling of abutments into implants and the
removal torque value under static loading. Five different implant-abutment connections were selected
(Ext: external butt joint + two-piece abutment; Int-H2: internal hexagon + two-piece abutment;
Int-H1: internal hexagon + one-piece abutment; Int-O2: internal octagon + two-piece abutment;
Int-O1: internal octagon + one-piece abutment). Ten implant-abutment assemblies were loaded
vertically downward with a 700 N load cell at a displacement rate of 1 mm/min in a universal
testing machine. The settling of the abutment was obtained from the change in the total length of
the entire implant-abutment unit before and after loading using an electronic digital micrometer.
The post-loading removal torque value was compared to the initial torque value with a digital torque
gauge. The settling values and removal torque values after 700 N static loading were in the following
order, respectively: Ext < Int-H1, Int-H2 < Int-O2 < Int-O1 and Int-O2 < Int-H2 < Ext < Int-H1, Int-O1
(α = 0.05). After 700 N vertical static loading, the removal torque values were statistically different
from the initial values, and the post-loading values increased in the Int-O1 group and Int-H1 group
(α = 0.05) and decreased in the Ext group, Int-H2 group, and Int-O2 group (α = 0.05). On the basis
of the results of this study, it should be taken into consideration that a loss of the preload due to
the settling effect can lead to screw loosening during a clinical procedure in the molar region where
masticatory force is relatively greater.

Keywords: dental implants; implant-abutment connection; settling effect; static loading;
removal torque

1. Introduction

Attempts have been made to understand the factors that could compromise the settling effect of
different implant abutment connections [1,2]. Various implant elements including the implant-abutment
interface, the types of abutments, the screw characteristics, and the cyclic loading condition have all
been shown to influence settling into implants and a loss of preload [3,4].

Loosening of the abutment screws and fixture failure in implant-supported restorations reportedly
occur more frequently in the premolar and molar areas than in the incisor region [5,6]. This may result
from differences in masticatory force and prosthetic design. Occlusion can be critical for implant
longevity due to the nature of the potential load created by tooth contacts. The mechanism and vector
of force transferred by posterior teeth differ from those of anterior teeth because posterior teeth have a
stronger biting force in the vertical direction. Furthermore, these forces are produced by the action of
the masticatory muscles [7].

The various forces that are exerted upon dental implants during function differ in magnitude
and direction. In natural dentition, the periodontal ligament has the capacity to absorb stress and
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allow for tooth movement, but the bone-implant interface has little capacity to allow for the movement
of an implant [8,9]. The force is distributed primarily along the crest of the ridge due to the lack of
micromovement of implants [10].

Cyclic loading, which simulates functional loading, can significantly influence the overall intimacy
of the settling of abutments into implants and their mechanical interlocking at the bone–implant
interface [2]. However, cyclic loading is not the only factor that could influence the settling phenomenon
in posterior teeth. Cyclic loading and the static loading are two independent conditions, and both can
affect the settling of abutments into implants after occlusal loading.

In particular, vertical forces generated on implants in the posterior region are greatest at the
implant-abutment interface. This means that vertical masticatory forces can affect settling into implants
and a loss of preload after occlusal static loading.

Bruxism or clenching can create destructive lateral stresses and overloading when it transfers
force to the supporting bone [11]. Parafunctional movements exert a greater maximum occlusal force
than natural mastication. Van Eijden measured the mean magnitudes of a maximal vertical bite force in
normal dentition without implants as follows: 469 ± 85 N at the canine region, 583 ± 99 N at the second
premolar region, and 723 ± 138 N at the second molar region [12]. These results were comparable to the
mean maximum bite force of 738 ± 209 N measured by Braun et al. [13]. In addition, Morneburg and
Pröschel investigated vertical masticatory forces in vivo on implant-supported fixed partial dentures
and found a mean total masticatory force of 220 N with a maximum of 450 N [14]. On the basis of
these findings, the present study evaluated the degree of settling and compared preload loss using the
removal torque values before and after 700 N static vertical loading.

The aim of this study was to evaluate the settling of abutments into implants and removal torque
values of five different implant-abutment connections that differ significantly in macroscopic geometry
after static vertical loading at 700 N.

2. Materials and Methods

2.1. Implant-Abutment Systems Selection and Study Protocol

One external and two internal connection implant systems from the Osstem Implant (Osstem Co.,
Seoul, Korea) were selected for the study. The abutment–implant assemblies were divided into five
groups according to the implant connection designs and abutment types (Table 1, Figure 1).

Figure 1. Schematic drawing of the test setup. Ext: external hexagon fixture + Cemented abutment;
Int-H2: internal hexagon fixture + two-piece abutment; Int-H1: internal hexagon fixture + one-piece
abutment; Int-O2: internal octagon fixture + two-piece abutment; Int-O1: internal octagon fixture +
one-piece abutment.
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Table 1. Characteristics of experimental implant-abutment systems.

Group Ext Int-H2 Int-H1 Int-O2 Int-O1

Implant system US II GS II SS II

Implant/abutment interface External
butt joint

11◦ taper
internal hexagon

8◦ morse taper
internal octagon

Abutment type Cemented
(two-piece)

Transfer
(two-piece)

Rigid
(one-piece)

Comocta
(two-piece)

Solid
(one-piece)

Abutment material Ti CP-Gr 3 Ti CP-Gr 3 Ti-6Al-4V Ti CP-Gr 3 Ti-6Al-4V

Abutment diameter Ø5.0 Ø5.0 Ø5.0 Ø4.3 Ø3.5

Abutment gingival height 2 mm 2 mm 2 mm - -

Abutment height (HA) 5.5 mm 5.5 mm 5.5 mm 4 mm 4 mm

Abutment screw Ta WC/C Ta - Ta -

Fixture material Ti CP-Gr 4 Ti CP-Gr 4 Ti CP-Gr 4

Fixture diameter Ø4.0 Ø4.0 Ø4.0 Ø4.1 Ø4.1

Fixture height(HF) 11.4 mm 11.5 mm 11.5 mm 11.5 mm 11.5 mm

Feature

     

Ext: external hexagon fixture + Cemented abutment; Int-H2: internal hexagon fixture + two-piece abutment;
Int-H1: internal hexagon fixture + one-piece abutment; Int-O2: internal octagon fixture + two-piece abutment;
Int-O1: internal octagon fixture + one-piece abutment; Ta: titanium alloy; WC/C Ta: tungsten carbide/carbon-coated
titanium alloy; HA: Abutment height; HF: fixture height.

Ext: External butt joint + Cemented abutment (two-piece)
Int-H2: Internal hexagon + Transfer abutment (two-piece)
Int-H1: Internal hexagon + Rigid abutment (one-piece)
Int-O2: Internal octagon + Comocta abutment (two-piece)
Int-O1: Internal octagon + Solid abutment (one-piece)

Ten implant-abutment assemblies were constructed for each group (total n = 50). Each assembly
was held in a vise during the torque tightening procedure. The desired torque was applied to the
abutment screw with a digital torque gauge (MGT12, MARK-10 Co., Hicksville, NY, USA).

The schematic diagram of experimental design based on protocol sequence is presented in Figure 2.
Each abutment was tightened into the corresponding implant at 30 Ncm torque twice at 10 minute
intervals. Ten minutes after the second tightening, the initial removal torque was measured with a
digital torque gauge (MGT12E, Mark-10 corp, Hicksville, NY, USA). Each assembly was secured again at
30 Ncm torque, and the total length of the implant-abutment assembly was measured with an electronic
digital micrometer (no. 293-561-30, Mitutoyo, Japan). After the initial measurement of the total length,
a metal cap fabricated to reproduce the crown was mounted on the abutment of the assembly and the
entire unit was fixed in a loading jig (Figure 3). The loading jig was designed to withstand a 700 N
vertical static force applied to the implant-abutment assembly. All the specimens were tested in a
universal testing machine (Instron 8841, Instron Corp., Mass, Norwood MA, USA) under 700 N vertical
static loading, corresponding to the maximum biting force in posterior teeth [12,13].
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Figure 2. Schematic diagram of experimental design based on protocol sequence.

 
Figure 3. Loading machine and customized jig (Instron 8841, Instron Corp., Mass, Norwood MA, USA).
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At the completion of static loading, the total length and removal torque of each implant-abutment
specimen were measured in the same manner. The settling value of the abutment was calculated
from the changes in the total lengths of the implant-abutment assembly before and after loading.
The measurements were accurate up to 0.001 mm (1 μm) and the same operator performed all of
the specimen preparations and testing in random order. The details of the experimental protocol
and the overall outcomes between the magnitude of applied torque and the axil displacement of
abutments into implants in external and internal implant-abutment connections were reported in
previous studies [1,2].

2.2. Statistical Analysis

One-way ANOVA and Tukey’s honestly significant difference (HSD) tests were used to analyze
settling lengths and removal torque of the five implant-abutment systems before and after 700 N
vertical static loading. A paired t-test was performed to compare the initial and post-loading removal
torques for each implant connection system. p < 0.05 was considered to represent a statistically
significant difference.

3. Results

The mean lengths and settling values of the specimen groups after vertical static loading are
presented in Tables 2 and 3 and Figure 4. After 700 N static loading, there were statistically significant
differences in the settling values in the Ext group (0.8 ± 0.45 μm), Int-H1 group (10.2 ± 0.84 μm), Int-H2
group (11.2 ± 0.84 μm), Int-O2 group (19.2 ± 4.21 μm), and Int-O1 group (25.6 ± 2.97 μm) (α = 0.05). In
the internal octagon groups with an 8◦ Morse taper interface, there were greater increases compared
with those seen in the other groups. A multiple comparison test by Tukey’s HSD exhibited differences
in the settling values in each group after 700 N static loading in the following order: Ext < Int-H1,
Int-H2 < Int-O2 < Int-O1 (see Tables 2 and 3).

Table 2. Mean total lengths and standard deviations of the implant-abutment specimens before and
after 700 N static loading.

Group Ext (mm) Int-H2 (mm) Int-H1 (mm) Int-O2 (mm) Int-O1 (mm)

Tightening torque 18.6096 18.9624 19.0456 18.9564 18.9992
30 Ncm- 3� * ±0.0054 ±0.0153 ±0.0261 ±0.0222 ±0.0041

Load
700 N Static **

18.6088 18.9512 19.0354 18.9372 18.9736
±0.0054 ±0.0151 ±0.0266 ±0.0222 ±0.0035

* Additional tightening at 30 Ncm after measuring the initial removal torque after the second 30 Ncm tightening.
** After 700 N vertical static loading.

Table 3. Mean settling values after 700 N static loading in each group and multiple comparisons using
Tukey’s honestly significant difference (HSD).

Group
Settling Values

Mean ± SD (μm)
Group Comparisons †

Ext 0.8 ± 0.45

Ext < Int-H1, Int-H2 < Int-O2 < Int-O1
Int-H2 11.2 ± 0.84

Int-H1 10.2 ± 0.84

Int-O2 19.2 ± 4.21

Int-O1 25.6 ± 2.97

Settling value
= (total lengths of the implant-abutment

assemblies at 30 Ncm- 3�)
minus

(total lengths of the implant-abutment
assemblies after 700 N static loading)

† Tukey’s HSD method was performed for between group comparisons (p < 0.05).
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Figure 4. Settling of abutments into the implants after static loading (μm).

The mean values of removal torque after loading are presented in Tables 4–6 and Figure 5.
After 700 N static loading, the Int-O1 group exhibited the highest removal torque of 39.64 ± 4.28 Ncm.
The other groups are shown in the following decreasing order: Int-H1 (36.38 ± 6.25 Ncm),
Ext (22.78 ± 0.40 Ncm), Int-H2 (11.62 ± 0.56 Ncm), and Int-O2 (1.14 ± 0.40 Ncm). Using Tukey’s HSD,
the specific group-wise comparisons in the post-loading removal torque values were as follows: Int-O2
< Int-H2 < Ext < Int-H1, Int-O1.

Table 4. Multiple comparisons of mean values of initial removal torque and removal torque after 700 N
static loading.

Test
Group
(n = 5)

Tightening
Torque (Ncm)

Removal Torque
(Ncm)

Significance †

Initial
removal torque

Ext 30 24.22 ± 0.81

Int-H2 < Ext,
Int-O2 < Int-H1 <

Int-O1

Int-H2 30 21.22 ± 1.04

Int-H1 30 27.44 ± 0.92

Int-O2 30 25.38 ± 1.86

Int-O1 30 30.54 ± 0.56

Removal torque
after 700N

static loading

Ext 30 22.78 ± 0.40

Int-O2 < Int-H2 <
Ext < Int-H1,

Int-O1

Int-H2 30 11.62 ± 0.56

Int-H1 30 36.38 ± 6.25

Int-O2 30 1.14 ± 0.40

Int-O1 30 39.64 ± 4.28

† Tukey’s HSD method was performed for between group comparisons (p < 0.05).
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Table 5. Comparison of the mean values of initial and post-loading removal torque in each group.

Group Initial R/T a R/T after Static Load b Significance †
Ext 24.22 ± 0.81 22.78 ± 0.40 *

Int-H2 21.22 ± 1.04 11.62 ± 0.56 **
Int-H1 27.44 ± 0.92 36.38 ± 6.25 NS
Int-O2 25.38 ± 1.86 1.14 ± 0.40 *
Int-O1 30.54 ± 0.56 39.64 ± 4.28 *

a Removal torque values before loading; b Removal torque values 700 N static loading; † Paired t-test was performed
to compare the removal torque values before and after loading: NS, not significant; * p < 0.01; ** p < 0.001.

Table 6. Comparisons of the mean values of initial removal torque and removal torque after static
loading in each group.

Group Removal Torque
t/P

Value

Ext
Initial 6.279

after 700 N static loading /0.003 *

Int-H2
Initial 16.204

after 700 N static loading /0.000 *

Int-H1
Initial −3.313

after 700 N static loading /0.030 *

Int-O2
Initial 6.413

after 700 N static loading /0.003 *

Int-O1olid
Initial −4.768

after 700 N static loading /0.009 *

* indicates values that were statistically different (p < 0.05).

Figure 5. Removal torque (Ncm) after 700 N static loading.
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In cases in which one-piece abutments were used for the internal connection system (Int-H1 group
and Int-O1 group), the removal torque was increased compared to the initial removal torque. In cases
where two-piece abutments were used for the internal connection system (Int-H2 group and Int-O2
group), after 700 N vertical static loading, the removal torque was decreased compared to the initial
removal torque to a greater extent. In the Int-O2 group in particular, the abutment screw nearly came
loose from the abutment. After 700 N loading, the removal torque value also exhibited a small but
significant decrease in the Ext group (Table 6).

4. Discussion

Along with the expanded indications for implants and the changing clinical protocols,
the relationship between implant design and load distribution at the implant–bone interface has
become an important issue. The inadequate interaction between these two factors may result in both
mechanical and biologic complications such as screw loosening and peri-implant bone loss. Whether
an implant prosthesis is placed in function after an undisturbed healing period or immediately after
placement, the biomechanical environment is, thereafter, a critical factor that influences implant
duration and bone preservation. Loads applied to teeth and implants during physiologic oral functions
including chewing, clenching, swallowing, or grinding may vary because the anchorage of natural and
artificial abutments in the jaw is not of the same type and quality [15].

Most of the studies related to axial displacement [1–3] are on the magnitude of tightening torque
and the duration of cyclic loading, and few studies have applied with static loading. Ko et al. [4]
reported that axial displacement and reverse torque loss occurred at significantly low levels after
the cyclic and static loading in the case of wide-type implants of 5.0 mm diameter. In addition,
the CAD/CAM (Computer Aided Design/Computer Aided Manufacturing) customized abutments,
which are currently in the spotlight, may show differences in the fabricating process from the stock
abutments produced by manufacturers. Therefore, using implant fixtures and abutments made by the
same manufacturer, we wanted to prove that axial displacement could occur even at static loading of
700 N, and the difference comes from different connection types.

For osseointegrated dental implants, previous studies have revealed that occlusal interferences and
parafunctional activities may lead to mechanical and biologic complications [16]. Many investigators
have attempted to evaluate maximum bite forces. Typical maximum bite force magnitudes exhibited by
adults are affected by age, sex, degree of edentulism, bite location, and especially parafunction. In centric
occlusion involving swallowing and clenching, forces are transmitted bilaterally, predominantly by
molars and premolars. For a single tooth or implant in the molar region, the greatest forces occur along
the axial direction [17]. Therefore, the results of this study showed the settling effect in relation to a loss
of removal torque after 700 N vertical static loading, corresponding to the maximum masticatory force.

The settling effect after 700 N loading showed a clinical association between screw loosening
with a loss of preload and an increase in friction. The results followed a similar pattern with cyclic
loading in our previous study [2]. The Ext group showed the lowest settling due to its flat platform
interface. Likewise, the internal hexagon and octagon groups had statistically greater settling due to
their tapered interface. In particular, the internal octagon group with an 8◦ Morse taper showed the
highest settling value compared to the internal hexagon group with an 11◦ taper.

The removal torque values after 700 N vertical static loading may be influenced by the amount
of settling and the type and configuration characteristics of the abutment used. When a two-piece
abutment, as seen in the Int-H2 and Int-O2 groups, is used, the screw joint connection is based on the
tension mechanism, where a screw may become loose due to a loss of preload by settling. Therefore,
the settling effect of the Int-H2 and Int-O2 groups produced a significant decrease in the removal
torque even to the extent of the loss of the abutment screw in the Int-O2 group. On the other hand,
when a one-piece abutment is used, the main retention mechanism is friction. As a result, the settling
effect of the one-piece abutment in the Int-H1 and Int-O1 groups created a greater compressive force at
the implant-abutment interface, which resulted in the increased post-loading values of removal torque.
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The metal cap used in this experimental protocol was inserted into the abutment by friction only,
and without dental cement. The simulated crown had a gap between the abutment and the metal
cap in order to prevent any forces from being transferred to the abutment during the removal of the
crown. However, because the margin of the crown was seated on the fixture in the original internal
octagon design, there was no such space. Consequently, this discrepancy may have led to greater
settling values than the actual value due to the lack of a vertical stop. In addition, this study could not
use the direct method as described by Haack et al., where the change in the preload was evaluated by
measuring the length of an elongated screw [18]. Therefore, further studies are warranted to evaluate
the actual measurement of an elongated screw as a value of tightening torque.

5. Conclusions

The current study strived to gain a better understanding of the nature of the implant-abutment
screw joint on the basis of the settling effect and removal torque. On the basis of the findings of this
study, in the molar region where masticatory force is relatively greater, a loss of preload due to the axial
displacement and the possibility of screw loosening should be taken into account in clinical procedures.

The clinical implication of this study is that when the implant fixture of a regular platform
with a diameter of 4.0 mm is placed in the posterior molar region, the settling of abutments into
implants caused by the vertical force may cause a problem of lowering the occlusion after the prosthesis
is mounted.
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Abstract: The present study was conducted to investigate whether a different implant neck design
could affect survival rate and peri-implant tissue health in a cohort of disease-free partially edentulous
patients in the molar–premolar region. The investigation was conducted on 122 dental implants
inserted in 97 patients divided into two groups: Group A (rough wide-neck implants) vs. Group
B (rough reduced-neck implants). All patients were monitored through clinical and radiological
checkups. Survival rate, probing depth, and marginal bone loss were assessed at 12- and 24-month
follow-ups. Patients assigned to Group A received 59 implants, while patients assigned to Group B 63.
Dental implants were placed by following a delayed loading protocol, and cemented metal–ceramic
crowns were delivered to the patients. The survival rates for both Group A and B were acceptable
and similar at the two-year follow-up (96.61% vs. 95.82%). Probing depth and marginal bone loss
tended to increase over time (follow-up: t1 = 12 vs. t2 = 24 months) in both groups of patients. Probing
depth (p = 0.015) and bone loss (p = 0.001) were significantly lower in Group A (3.01 vs. 3.23 mm and
0.92 vs. 1.06 mm; Group A vs. Group B). Within the limitations of the present study, patients with
rough wide-neck implants showed less marginal bone loss and minor probing depth, as compared to
rough reduced-neck implants placed in the molar–premolar region. These results might be further
replicated through longer-term trials, as well as comparisons between more collar configurations
(e.g., straight vs. reduced vs. wide collars).

Keywords: dental implants; dental implant neck design; peri-implant bone loss; peri-implant
probing depth

1. Introduction

The scientific debate on dental implant macro-design is a well-known topic in the field of implant
dentistry. The ideal fixture design should bring together the most suitable and distinctive characteristics
for implant osseointegration, such as type of material (zirconium or titanium), body shape (cylindrical
or conical), neck geometry (straight, reduced, or wide), threads depth, width, and pitch, as well
as tapered or non-tapered apical portion, body length, and diameter. Although there is no perfect
implant design [1,2], nor a best surface treatment [3], scientific evidence has consistently demonstrated
that different dental implant macro-designs affect long-term implant success [4,5] and also accelerate
the healing process, to allow implant therapy in the population of patients who are more prone to
failure [6,7]. Implant collar, being the portion of the implant that connects the fixture with the oral
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cavity throughout a prosthetic device, is a very important feature related to the peri-implant tissue’s
health conditions.

Several studies about implant neck design and marginal bone loss can be found in the literature,
but the results are controversial. In vivo animal studies reported a greater crestal bone height and
thickness of surrounding implant tissue in dental implants with triangular neck designs [8]; smaller
crestal bone loss but similar peri-implant tissue thickness in narrow ring extra-shorts implants [9];
and greater bone loss in dental implants with micro-rings on the neck, as compared to open-thread
implant collars [10]. Human model studies reported improved biomechanical behavior for stress/strain
distribution pattern in dental implants with divergent collar design [11]; no additional bone loss in
non-submerged dental implants with a short smooth collar compared to similar but longer implant
collar design [12].

Other clinical findings suggest that specific implant neck design might be suitable in anterior
areas, where bone loss, even if acceptable, can lead to adverse aesthetic results [13,14].

The purpose of the present study is to compare peri-implant hard- and soft-tissue health conditions
in partially edentulous patients who received the same dental implants but with two different implant
neck designs, at a two-year follow-up. In this study, the null hypothesis led to the expectation of no
differences in survival rate, probing depth, and marginal bone loss among patients who received dental
implants with wide or reduced collar morphology.

2. Materials and Methods

2.1. Patients

Study participants were selected from patients who attended the Dental Department of IRCCS San
Raffaele Hospital, Milan, Italy asking for partial fixed implant-prosthetic rehabilitation. Recruitment
occurred from February 2016 to November 2017, and the investigation was conducted following all the
ethical regulations related to the institution.

Patients had to meet the following inclusion criteria: (1) hopeless teeth to be extracted at least
four months prior to surgery in molar/premolar region; (2) no previous dental implants already in
place adjacent to surgical site; (3) natural antagonistic teeth (composite resin restorations allowed);
(4) absence of diabetes, periodontitis, bruxism, and smoking; (5) absence of chemotherapy or radiation
therapy of head and neck district, as well as anti-resorptive drug therapy (i.e., bisphosphonates); and
(6) neither mucosal lesions (lichen planus, epulis fissuratum) nor bone lesions (i.e., simple bone cyst or
odontomas). Eligible areas for surgery of edentulous maxilla or mandible were selected to receive 1
to a maximum of 3 dental implants. Participants were verbally informed about the purpose of the
study but not assigned to a specific group, as they were randomly chosen either to receive a wide-neck
implant (Group A) or a reduced-neck implant (Group B).

Patients were assigned to conditions according to a computer-generated random list, prescribing
the use of the reduced vs. wide implant. Clinical measures (i.e., survival rate, peri-implant probing
depth, and mean marginal bone loss) were taken at 12 and 24 months. Thus, the design amounted to a 2
(implant: wide vs. reduced) X 2 (time: 12 vs. 24 month follow-up) mixed factorial design, following the
Consolidated Standards of Reporting Trials (CONSORT) guidelines available as supplementary material to
this manuscript and on http://www.consort-statement.org/.

Written informed consent was signed before the start of the study; patients were allowed to leave
the research at any time, without any consequence.

Implant macrogeometry regarding the two different collar designs used in the present study is
shown in Figure 1 (CSR, Sweden & Martina, Due Carrare, Italy).
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(a) (b) (c)

Figure 1. Image shows the CSR full-treatment ZirTi conical dental implant collar with different
macro-design. (a) Rough wide neck compared with rough reduced neck; (b), wide-neck and
reduced-neck designs with double conical implant–abutment connection with internal hexagon
for prosthetic repositioning; and (c) wide-neck and reduced-neck designs with same contact length and
tapered angles at the interface.

2.2. Implant Surgery

The study was based on a single blind design, with patients being unaware of which type of
implant neck design (wide or reduced) was used for the therapy.

Local anesthesia was induced with local infiltration of lidocaine 20 mg/mL with 1:50.000 adrenaline
(Ecocain, Molteni Dental, Firenze, Italy). A crestal horizontal incision was made, with buccal relieving
incisions in the medial and distal portions of the main incision. A full-thickness flap was raised, and
dental implants were placed in edentulous sites of 0.5 mm, subcrestally, with a minimum insertion
torque of 35 Ncm. Cover screw was positioned, and a periosteal incision was performed in order
to allow flap passivation in search for primary intention healing of the wound. Vertical mattress
suturing technique was used with a 4-0 coated braided absorbable suture (Vicryl, ETHICON, Johnson
& Johnson, New Brunswick, NJ, USA). Sterile dry gauze compression was performed on the wound to
control post-operative bleeding. Ice packages were delivered to the patients immediately after surgery,
with instruction to apply cold to the surgical area for the following 24 h. Semi-liquid cold diet was
recommended for the first 48 h.

At-home pharmacological therapy prescribed was amoxicillin 1 g, every 12 hours, for six days, and
non-steroid anti-inflammatory drug ibuprofen 400 mg, every 12 hours, for four days, post-operatively.
All implants were loaded after a 4-month healing period, through a delayed loading protocol, with
a composite resin temporary restoration, followed by metal–ceramic cemented crowns. Definitive
abutments used for both Group A and B were the same and had conical connection with Double Action
Tight (DAT), a system that presents a conical interface between the abutment and the implant, plus one
more conical interface between the screw and the abutment.

Clinically, abutment screws were tightened at 25 Ncm by using a dental torque wrench.

2.3. Parameters

Dental implant survival rate was defined as the fixtures being osseointegrated and staying in situ;
and capable to guarantee stability for prosthetic support along the 2-year observation period following
the surgical placement. Peri-implant probing depth was estimated through a CP12 University of North
Carolina color-coded periodontal probe (Hu Friedy, Chicago, IL, USA), in the mesial, distal, buccal,
and lingual/palatal surfaces of the fixture. Distance in mm between the mucosal margin and the tip of
the probe was considered as pocket depth.

Intraoral radiographs were taken, using extension cone paralleling system (XCP, Dentsply
international, RINN), and mean marginal bone loss was calculated, using Digora Optime digital
intraoral imaging system (Soredex, Tuusula, Finland).

A line was traced parallel to the long axis of the implant in order to measure in mm the distance
between the crestal bone level at the margin of the implant neck and the top of the apical portion of
the implant.
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2.4. Statistical Analysis

All analyses were run at the implant level. Peri-implant probing depth and marginal bone loss
were submitted to separate 2 (follow-up: t1 = 12 vs. t2 = 24 months) X 2 (neck design: reduced vs. wide)
multivariate analyses of variance (MANOVAs), in order to distinguish the effects of follow-up time,
implant neck design, and additionally assess any interactive effect(s) of the two factors. Mean values
were complemented by standard errors of the mean (Se) and 95% confidence intervals (CI).

3. Results

A total of 97 patients (56 men and 41 women) aged between 33 and 75 years (mean 58.2 ± 6.22
years) were selected for the present study. None of them withdrew from the research, and 122 fixtures
were placed in the molar/premolar region.

Fixtures made of titanium grade 4 had a standard length (≥10 mm) and a diameter of 3.8 and
4.2 mm for wide-neck implants and 4.2 and 5.0 mm for reduced-neck ones. Dental implants received
the same subtraction procedure, according to the Zir-Ti full-surface treatment (Zirconium Oxide
Sand-Blasted and Acid Etched Titanium). The apical portion was tapered with 50◦ accentuated
triangular threads and four longitudinal incisions, to increase penetration ability and anti-rotation
features. Fifty patients formed Group A (rough wide-neck design) and received 59 implants. Group B
(rough reduced-neck design) was composed of forty-eight patients, who received 63 implants.

The two groups were compared at one-year and two-year follow-ups. Survival rate, probing
depth, and marginal bone loss were recorded through clinical and radiological checkups. Radiological
records for different dental implants placed in Group A and B patients are shown in Figures 2 and 3.

(a) (b) (c)

Figure 2. Periapical X-rays showing marginal bone level of CSR dental implant with a reduced neck.
(a) Pre-operative X-ray; (b) post-operative follow-up at 12 months; and (c) post-operative follow-up at
24 months.

(a) (b) (c)

Figure 3. Periapical X-rays showing marginal bone level of CSR dental implant with a wide neck.
(a) Pre-operative X-ray; (b) post-operative follow-up at 12 months; and (c) post-operative follow up at
24 months.

The overall survival rate of CSR dental implants at the two-year follow-up was 96.72% (four
implant failures out of 122 implants placed). Both groups showed similar outcomes: At 12 months,
survival rate was 98.30% for Group A and 98.41% for Group B, while it decreased at 96.61% for Group
A and 96.82% for Group B at the 24-month follow-up.
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Regarding peri-implant probing depth, a 2 (follow-up: t1 = 12 vs. t2 = 24 months) X 2 (neck design:
reduced vs. wide) multivariate analysis of variance (MANOVA) affirmed a main effect of follow-up, F (1,
116) = 10.69, p < 0.001, such that probing depth was generally lower at 12 months (3.06 mm ± Se = 0.046;
95% CI = 2.96, 3.15) than at 24 months (3.18 mm ± Se = 0.050; 95% CI = 3.08, 3.28), independently of type
of neck design. Furthermore, the analysis also revealed a main effect of neck design, F (1, 116) = 6.28,
p < 0.015, such that probing depth was generally lower for wide (Group A: 3.01 mm ± Se = 0.063;
95% CI = 2.88, 3.13) than for reduced-neck implants (Group B: 3.23 mm ± Se = 0.061; 95% CI = 3.11,
3.35), independently of time of follow-up. More specifically, the difference between the two groups,
considered at one and two years of follow-up were, respectively, as follows: Group A (one year): 2.93
mm ± Se = 0.07; 95% CI = 2.79, 3.07 vs. Group B (one year): 3.18 mm ± Se = 0.05; 95% CI = 3.07, 3.28
(p = 0.007); and Group A (two years): 3.09 mm ± Se = 0.07; 95% CI = 2.95, 3.24 vs. Group B (two years):
3.28 mm ± Se = 0.06; 95% CI = 3.15, 3.40 (p = 0.061). The interaction follow-up (t1 = 12 vs. t2 = 24
months) X neck design (reduced vs. wide) was not significant, F (1, 116) = 0.58, p = 0.45, n.s.

A 2 (follow-up: t1 = 12 vs. t2 = 24 months) X 2 (neck design: reduced vs. wide) multivariate analysis
of variance (MANOVA) was also conducted for marginal bone loss and revealed a main effect of
follow-up, F (1, 116) = 198.85, p < 0.001, such that marginal bone loss was generally lower at 12 months
(0.89 mm ± Se = 0.02; 95% CI = 0.86, 0.93) than at 24 months (1.08 mm ± Se = 0.01; 95% CI = 1.06,
1.11), independently of type of neck design. Furthermore, the analysis also revealed a main effect
of neck design, F (1, 116) = 34.04, p < 0.001, such that marginal bone loss was generally lower for
wide (Group A: 0.92 mm ± Se = 0.02; 95% CI = 0.88, 0.95) than for reduced-neck implants (Group B:
1.06 mm ± Se = 0.02; 95% CI = 1.03, 1.10), independently of time of follow-up. More specifically, the
difference between the two groups, considered at one and two years of follow-up, were, respectively,
as follows: Group A (one year): 0.84 mm ± Se = 0.03; 95% CI = 0.78, 0.88 vs. Group B (one year):
0.95 mm ± Se = 0.02; 95% CI = 0.91, 0.99 (p = 0.001); and Group A (two years): 1.00 mm ± Se = 0.02;
95% CI = 0.97, 1.03 vs. Group B (two years): 1.17 mm ± Se = 0.02; 95% CI = 1.14, 1.20 (p = 0.001).
Importantly, the two-way interaction follow-up (t1 = 12 vs. t2 = 24 months) X neck design (reduced vs.
wide) was statistically significant, F (1, 116) = 3.91, p = 0.05, showing that the increase in bone loss for
reduced-neck implants (Group B) was steeper than the increase observed for wide-neck implants.

4. Discussion

Our study focused on dental implants’ macro-design, particularly on the clinical performance of
the same type of fixture but with two different rough collar designs in partially edentulous patients,
using a delayed loading protocol. Examined parameters were peri-implant probing depth, marginal
bone loss, and survival rate at two-year follow-up. Both groups of patients showed an acceptable
but almost similar implant survival rate. However, patients who received implants with a wide-neck
design presented lower probing depth and minor marginal bone loss compared to reduced neck; thus,
the null hypothesis of no differences between dental implants with different neck designs was partially
rejected. From a clinical point of view, differences in probing depth and marginal bone loss between
Group A and B were not relevant at the two-year follow-up. Since the absence of signs of soft-tissue
inflammation and the absence of further additional bone loss following initial healing were found,
according to peri-implant health definition by Renvert et al. [15], it can be affirmed that both groups of
patients showed peri-implant tissue health conditions.

Implant therapy is a very helpful discipline when it comes to rehabilitating dental patients. Even
if bone loss around oral implants is described to be an unavoidable and physiologic foreign-body
reaction of bone against titanium [16–18], the key for success resides in the neutralization of risk factors
at multiple levels: patient level, implant level, and prosthetic level.

Risk factors such as diabetes, periodontitis, bruxism, smoking, antidepressants intake, bone
augmentation procedures, head and neck radiotherapy [19–22] play a principal role in long-term
implants’ outcome. These factors are found at the patient level, meaning that they are poorly controllable
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over time, as they can worsen along with local or systemic health conditions. Here, we must recall that
patients included in the present study where disease-free individuals.

Other factors that are set at prosthesis level also interfere with the success of implant therapy
and should not be underestimated. According to Vazquez-Alvarez et al. [23], the distance between
the implant platform and the horizontal component of the prosthesis has a significant influence on
peri-implant bone loss, and to be adequate, it should range from 3.3 to 6 mm. According to Lemos et
al. [24], the retention system for implant-supported prostheses may lead to a different bone-loss pattern,
as cement-retained restorations showed less marginal bone loss than screw-retained restorations, and
implant survival rate was in favor of cement-retained prosthesis.

Restorations for the present study were cemented crowns where a minimum distance of 3.5 mm
was kept between implant-abutment junction and horizontal prosthetic component, and where extreme
attention was payed to remove any cement excess that could be found underneath them.

Accuracy of dental impression used, whether traditionally or digitally taken, may lead to
differences in the fit of the definitive restoration [25]. In our case, prosthetic rehabilitations were
performed by passing through light and putty consistency polyvinylsiloxane materials.

The type of prosthetic material itself is described to be capable of having an effect on the
peri-implant tissues [26]. In this study, the decision for metal–ceramic crowns was supported by
appropriate biomechanical properties, as it was demonstrated in the literature [27–29].

Occlusal forces were exerted against natural antagonistic teeth in the molar/premolar region,
to standardize the procedure and avoid contact with previously installed dental restorations made
of unknown or undefined material properties (e.g., a preexisting zirconium-based bridge in the
antagonistic region).

Finally, implant therapy risk factors are also found at the implant level, being the fixture
macro-design capable to affect the osseointegration process, as reported by several authors [4,5,30–33].
Fixture micro- and macro-designs can be adequately selected before treatment, and with the ideal
concept design, implant success rate would be more predictable.

Starting from the type of material from which implants are manufactured, different osseointegration
processes (amount of bone attachment to the surface and strength of the bone-surface interaction) may
occur at the bone level.

Recently reported by Taek-Ka et al. [34], a qualitative different osseointegration was found through
higher bone-surface interaction in commercially pure titanium grade 2 implants compared to grade
4. Apart from titanium, zirconia has also been proposed as an alternative material for oral fixtures.
At the moment, despite its optimal biocompatibility, no definitive decision is available on the clinical
performance of such implants [35,36].

Back to implant collar, the manner in which it is configured appears to be of relevant interest:
The maximum loading stress distribution in bone is localized at the neck of the implants, as described
by Anitua et al. [37] and Huang et al. [38]. Several studies are available in the literature, but no
consensus on which collar design is more suitable for osseointegration was agreed on by the authors.

Our study would qualify rough wide-neck implants to reduce bone loss over time, being conscious
that a longer follow-up period is necessary to confirm these findings. This may be related to the
platform-switching concept, which has been described to be beneficial for osseointegration [39–43].
In fact, even in the case that a platform-matched abutment is used in such implants, a minimal effect of
switching platform still exists, being that the neck of the implant is wider in diameter with respect to
the main body. Otherwise, reduced-neck implants are less likely to benefit from the platform-switching
effect because of their narrower platform.

According to Eshkol-Yogev et al. [44], round neck implants may significantly increase primary
stability when compared to triangular neck design. In a paper by Mendoca et al. [45], bone remodeling
showed to be of benefit around implants with rough collar design, in mandible but not in maxilla,
if compared to machined collar surface implants. In a review by Koodaryan et al. [46], rough-surfaced
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micro-threaded neck implants appeared to lose less bone compared to polished and rough-surfaced
neck implants.

CSR implants placed in this study had roughened surface collars with no microthreads at the
bone cervical region. Presence or absence of microthreads, as well as the amount of surface roughness,
may have an effect on bone preservation. Despite that an implant collar with a microthread can help
in the maintenance of peri-implant bone against prosthetic loading, [47] this study was focused on
conventional rough-surface dental implants, not to add confounding aspects related to numerous
available surface topography (e.g., smooth, polished neck vs. machined surface vs. microthread
design). Furthermore, CSR implants had a moderate degree of roughness, as no beneficial effect
seemed to be associated with an increase in surface roughness. In fact, a 20-year follow-up clinical trial
by Donati et al. [48] reported no peri-implant bone preservation related to implants with an increased
surface roughness.

Another relevant issue to consider is the implant–abutment connection system. Implants in the
present study were provided with DAT connection. Consisting of a double conical interface and
internal hexagon for prosthetic repositioning, this type of connection follows the recent literature’s
outcomes. According to Caricasulo et al. [49], internal connection, particularly conical interfaces seem
to better maintain crestal bone level around dental implants.

As stated by Kim et al. [50], transmission of the occlusal load from the restoration to the implant,
and then from the implant to the surrounding bone, is essential to stimulate osteoblasts activity. This is
to say, to avoid minimum but regular and continuous bone resorption, described to be around 1 mm
for the first year and of 0.2 mm per year thereafter [51], bone deposition must be encouraged.

The concept of biocompatibility related to implant-prosthetic rehabilitation can be considered
as the ultimate key for success: proper design of the fixture, together with a correct function of
the implant–abutment connection, and optimal adaptation of the prosthetic restoration generates a
self-defensive mechanism that guarantees long-term survival rates.

Considering multiple and confounding aspects which affect implant failure, with risk factors set
at patient, implant, and prosthetic level, it is important to affirm that bone loss in not solely determined
by collar morphology. Further studies should be conducted on multiple heterogeneous implant collar
design in different populations (e.g., diabetic vs. nondiabetic) and with different prosthetic restorations
(e.g., screwed vs. cemented). Longer follow-up periods could highlight the enhancement of the clinical
performance of dental implants with specific neck configurations.

5. Conclusions

Within the limitations of the present prospective clinical comparative study, peri-implant probing
depth and marginal bone level around dental implants placed in edentulous sites in molar/premolar
region were affected by different neck designs. Patients who received implants with rough wide-neck
design presented lower probing depth and minor marginal bone loss compared to patients with rough
reduced-neck implants.

Reduced-neck implants showed a tendency to lose comparatively more bone over time if compared
with wide-neck implants.

However, dental implants’ survival rate was acceptable and satisfactory for both groups of patients
and showed no differences at the two-year follow-up.
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Abstract: Background: The effect of the short-term bone healing process is typically neglected in
numerical models of bone remodeling for dental implants. In this study, a hybrid two-step algorithm
was proposed to enable a more accurate prediction for the performance of dental implants. Methods:
A mechano-regulation algorithm was firstly used to simulate the tissue differentiation around a dental
implant during the short-term bone healing. Then, the result was used as the initial state of the bone
remodeling model to simulate the long-term healing of the bones. The algorithm was implemented
by a 3D finite element model. Results: The current hybrid model reproduced several features which
were discovered in the experiments, such as stress shielding effect, high strength bone connective
tissue bands, and marginal bone loss. A reasonable location of bone resorptions and the stability of
the dental implant is predicted, compared with those predicted by the conventional bone remodeling
model. Conclusions: The hybrid model developed here predicted bone healing processes around
dental implants more accurately. It can be used to study bone healing before implantation surgery
and assist in the customization of dental implants.

Keywords: dental implant; tissue differentiation; bone remodeling; mechano-regulation theory;
short-term healing; long-term healing

1. Introduction

Implant stability is one of the important indexes to determine dental implant survival rates in
the clinic [1]. It is dominated by the bone healing around the surgery site. Bone healing is a series
of complex physiological processes that involved the regulation of several tissue phenotypes. At the
beginning of bone healing, micro-vessels, and new connective tissue form on the surface of the wound,
which is collectively referred to as granulation tissue [2–5]. After the formation of granulation tissue,
further tissue differentiation initiates. Cells then transfer into fibrous connective tissues, cartilages,
and new bones according to biophysical stimulus [6–8]. The final stage of bone healing is referred
to as bone remodeling, which is a lifelong process, where the skeletal system maintains a dynamic
equilibrium, related to the regulation of osteoclasts and osteoblasts [9–11]. When the balance is
disrupted by external forces, a new equilibrium state can be achieved spontaneously. Thus, according
to the healing process mentioned above, tissue differentiation and bone remodeling stages have a great
impact on the short-term and long-term stability of implants, respectively [12,13].

To efficiently predict the short-term stability of implants in advance, we aim to simulate the tissue
differentiation process by using the mechano-regulation algorithm. The origin of the method is based
on Pauwels [14] who first specified that distortional stress and hydrostatic compression dominate
tissue differentiation. Carter et al. [15] implemented the theory into a finite element model (FEM),
revealing the evolution of connective tissues. Prendergast et al. [16] modified the methods by adopting
octahedral shear strain and fluid flow as the solid and fluid stimuli. Lacroix further improved the
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model by using poroelastic finite elements, which can describe the biological mechanism in bones more
accurately [5]. In recent years, many studies have revealed the effect of the mechanical environment
and the geometric design of implants on the performance of tissue differentiation [17,18].

Bone adapts itself based on its mechanical environment and loading conditions, greatly affecting
the morphology of bone and long-term stability of implants [11,13,19]. Many scientists have developed
numerical methods to describe the behavior of bone remodeling [20–24]. Carter et al. [15,25,26] proposed
that bone apparent density is dominated by strain energy density and studied the energy transfer in
hip stems. The internal changes in bone morphology and the aging of connective tissues affected by
the external loads were also predicted by FEM. Huiskes et al. [27] adopted a similar approach and
simulated the femoral cortex around intramedullary prostheses to reveal the relationship between stress
shielding effect and bone resorption. The bone remodeling algorithm was then extended to predict the
variation of bone apparent density after implantation treatment [28–31]. The algorithm was verified
by computed tomographic (CT) images, showing a high degree of similarity [32]. Most of the studies
assumed a simple initial state of the models, where uniform material properties were assigned around
the implants [29,31,33,34], i.e., the short-term bone healing has no effect on bone remodeling results.
However, short-term healing is crucial since bone remodeling is an iterative process, where different
initial conditions may lead to different bone density distribution around dental implants.

In order to test the null hypothesis of the bone healing process in the conventional model,
we proposed a hybrid algorithm that regards the procedure of bone healing as two stages: (1) the
short-term stage which was simulated by a tissue differentiation model and (2) the long-term stage
which simulated by a bone remodeling model. At the beginning of the tissue differentiation model,
it was assumed that the wound was filled with granulation tissue. The mechano-regulation algorithm
was then applied to determine the tissue phenotypes for the following time steps. Once a stable tissue
differentiation has been reached, the current tissue distribution with the material properties, such as
Young’s modulus, apparent bone density, and Poisson’s ratio, in callus around the implant then served
as the initial condition for the bone remodeling model. Then, the resulting long-term distribution of
Young’s modulus and the remodeling stimulus will be discussed. and compared with the results which
were similar to those done by Chou et al. [29], where the effect of short-term tissue differentiation was
not considered.

The objective of this study is to develop a hybrid model that can predict the stability of dental
implants and the strength of the surrounding bones with consideration of both the short-term
and long-term bone healing process. The results of the current work can reveal the effect of bone
with different material properties on bone healing, providing useful information for dental clinics.
Furthermore, the proposed model can be used to rapidly examine the morphology design of dental
implants (such as implant radius, length, thread geometry) and the placement protocol (such as
insertion angle and depth) to improve the osseointegration between implants and bones.

2. Materials and Methods

Figure 1 shows the flowchart of the current hybrid algorithm, including short-term and long-term
bone healing models. The distribution of strain, fluid velocity, and stem cell diffusion in the initial
model (t = 0) was firstly calculated by FEM. Granulation tissues then differentiated into various
tissue phenotypes based on the mechano-regulation algorithm. Next, the rule of mixture and
smoothing procedure [35] was applied to determine the updated material properties and the detail
will be discussed in Section 2.2. After the short-term healing process finished, the distribution of
tissue phenotypes and the corresponding material properties around the implants was obtained and
assigned to the bone remodeling model at the initial state for simulating the long-term healing process.
Where bone remodeling algorithm adjusted the bone apparent density of each element iteratively until
the equilibrium state of the remodeling stimulus under the given loading condition was achieved.
The procedures will be discussed in more detail in Sections 2.2 and 2.3.
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Figure 1. Flow chart of bone healing preoperative evaluation.

2.1. Three-Dimensional FEM Model

The current hybrid algorithm was applied to study the bone healing of the mandibular second
molar (back teeth in the upper jaw), where the bone geometry, density, and other material properties
were adopted based on Chou et al. [29]. The geometry of the bone structure was obtained by
extruding a planar CT image with a thickness of 80 mm, as shown in Figure 2a. It was referred to
as the bone-tooth system, consisting of a layer of cortical bone overlying on cancellous bone, and a
natural tooth. The physiological stimulus of the healthy state, i.e., bone-tooth system, was served
as the objective function (i.e., attractor stimulus) for the calculation of bone remodeling in the
bone-implant-prosthesis system, details of the calculation will be introduced in the next section. Next,
the bone-implant-prosthesis system replaced the tooth in the bone-tooth system by a prosthesis and a
short implant with a size of 5.0 × 5.1 mm; the remaining region, i.e., the extraction socket, was filled
with callus, as shown in Figure 2b.

The models of the two systems were built by a commercial finite element package ANSYS 18.0
(ANSYS, Inc., Canonsburg, PA, USA). The implant, tooth, and prosthesis were meshed by the built-in
element type, SOLID185; the remaining parts of the tissues were meshed by CPT215, which allows the
calculation of poroelastic material properties, such as the fluid velocity and pressure in the pores of the
bones. There were approximately 138,000 elements and 94,500 nodes for both systems. To maintain
the balance between computation time and accuracy, finer meshes were applied around the interfaces
between bone and the tooth/implant, as shown in Figure 2. The interfaces were set to allow sliding with
a friction coefficient of 0.3. A symmetry boundary condition was applied to the mesial side of the model.
All of the nodes in the distal side were constrained in all degrees of freedom. A displacement of 10.5 μm
was applied at nodes on the top of the tooth/prosthesis. This value was equivalent to a biting force of
100 N [36–38]; the angle of the displacement was set according to it used in Chou et al. [29]. Note that
loading, setting, and properties of all materials, including bones, prosthesis, tooth, implant, and bone
graft, used in the current work were based on Chou et al. [29] for comparison, as shown in Table 1.
It is worth mentioning that, in the tissue differentiation process, the material properties of elements
in the callus region transformed with iterations, i.e., they evolved according to the corresponding
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tissue phenotypes during the iteration process. Details of the mechanism of the mechano-regulation
algorithm will be explained in the next section.

Figure 2. FEM model of (a) bone-tooth and (b) bone-implant-prosthesis systems.

Table 1. The material properties used in the current work [29].

Materials Young’s Modulus (GPa) Poisson’s Ratio Permeability (m4/Ns)

Ti6Al4V 113.8 0.34 N/A
Tooth 20 0.3 N/A

Prosthesis 80 0.3 N/A
Bone graft 2 0.3 N/A

Cortical bone 13.7 0.3 10−17

Cancellous bone 2 0.3 3.7 × 10−13

Granulation tissue 0.001 0.17 10−14

Fibrous tissue 0.002 0.17 10−14

Cartilage 0.01 0.17 5 × 10−15

Immature bone 1 0.3 10−13

Mature bone 6 0.3 3.7 × 10−13

N/A: not applicable.

2.2. Mechano-Regulation Algorithm

The mechano-regulation algorithm proposed by Lacroix and Prendergast [5,35] was adopted in
the current work to predict the distribution of tissue phenotypes. The procedures of the algorithm,
including the calculation in each iteration, updates of material properties, and post-processing to
the results, were implemented by MATLAB 2019 (The MathWorks, Inc., Natick, MA, USA). At the
beginning of the calculation, elements in the callus region were set with the material properties of
granulation tissues. According to the theory, tissue differentiation (TD) is induced by the combination
of octahedral shear strain (γ) and fluid flow (ν) caused by external loads. It is referred to as biophysical
stimulus STD such that:

STD =
γ

a
+

ν

b
(1)
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where a = 0.0375 and b = 3 μm/s are empirical constants. Then, the tissue phenotype for the next
iteration can be determined based on the value of STD as shown in Table 2. The material properties of
the tissue phenotype were updated accordingly.

Table 2. The ranges of biophysical stimulus for different tissue phenotypes.

STD Tissue Phenotypes

3< STD Fibrous tissue
1< STD ≤3 Cartilage

0.266< STD ≤1 Immature bone
0.010< STD ≤0.266 Mature bone

STD ≤0.010 Initial resorption

The concentration of mesenchymal stem cells determined the level of the transition from
granulation tissue to the other tissue phenotypes. The migration [39] and proliferate [40] of
mesenchymal stem cell can be simplified as a classical isotropic diffusion, such that:

dn
dt

= D∇2n (2)

where t is time; D is the diffusion coefficient; n is the current concentration of mesenchymal stem cell.
The migration of stem cells started from the boundary of the extraction socket, which is called cells
origin and marked by yellow lines in Figure 2b. At the last iteration, the concentration of the stem
cell reached the maximal value. In the current work, D is set as 8.85× 10−14 m2/s. Then, the effective
material properties of tissues for the next iteration, including Young’s modulus, Poisson’s ratio, and
permeability, can be obtained by a linear combination between the granulation tissue (Xg) and the
differentiated tissue (Xd) as follows:

Xmix =
nmax − n

nmax
Xg +

n
nmax

Xd (3)

where nmax is the maximum concentration; n is the current concentration of stem cells determined by
Equation (2); Xd is material properties of the differentiated tissue phenotype shown in Table 1.

To avoid the instability and dramatic change of material properties between iterations, Lacroix and
Prendergast [35] suggested a smooth procedure to average the material properties from the previous
nine iterations, which can be written as:

Xi =
1
N

(
Xmix + Xi−1 + Xi−2 + . . .+ Xi−(N−1)

)
(4)

where N = 10; i is the current iteration number; Xmix is the effective material properties calculated
from Equation (3). Note that when the iteration number is i < 9, smoothing operation is applied to the
iteration i to the first [35]. The short-term healing time was set as 70 days, which is the average healing
period for implantation surgeries [41–43]. The short-term healing process and the differentiated tissue
phenotypes can then be predicted.

2.3. Bone Remodeling Algorithm

After the numerical calculation for the short-term healing, long-term healing, i.e., bone remodeling
(BR), occurred to alter the internal structure of bones and reach a new equilibrium state based on the
mechanical environment. Huskies et al. [27] proposed a bone remodeling theory assuming the driving
force of self-adaptive activity is determined by remodeling stimulus (SBR, unit: J/kg), such that:
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SBR
(⇀

r , t
)
=

u
(⇀

r , t
)

ρ
⇀
(r, t)

(5)

where u is strain energy density (unit: J/m3); ρ is the apparent bone density (kg/m3), t is time; and
⇀
r

is the position vector [27]. When the value of remodeling stimulus SBR is greater than the given
threshold, bone formation occurred and Young’s modulus and bone density increase accordingly.
On the contrary, when the remodeling stimulus SBR is less than the threshold, bone resorption occurred,
and Young’s modulus and bone density decrease. In addition, Carter [25] stated that bones maintain a
state of homeostasis when the remodeling stimulus is in a certain range, which is referred to as a “lazy
zone.” Thus, the bone remodeling process can be expressed by nonlinear functions of the remodeling
stimulus [27]:

dρ
dt

=

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

A f
[
SBR − (1 + s)K(

⇀
r
)
]2 , SBR ≥ (1 + s)K

(⇀
r
)

(Formation)

0, (1− s)K
(⇀

r
)
< SBR ≤ (1 + s)K

(⇀
r
)

(Lazy zone)

Ar
[
SBR − (1− s)K(

⇀
r
)
]3, SBR ≤ (1− s)K

(⇀
r
)

(Resorption)

(6)

where A f and Ar are formation and resorption coefficients; s is the threshold of the lazy zone, which is

set as 0.75 [44]; K
(⇀

r
)

is the attractor stimulus induced by the biting force in the bone-tooth system,

which is determined by Equation (5). The value of K
(⇀

r
)

in the region of callus was set to 5, which is
the average of the overall remodeling stimulus in bone element. It is worth noting that the rate of bone
resorption is greater than that of bone formation based on clinical observations, resulting in a greater
exponential term of resorption in Equation (6). The apparent density of a bone element m at the jth

iteration can be derived by integrating Equation (6) with a forward Euler method [27,45–47], such that:

ρ
j
m =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

ρ
j−1
m + A f Δt

[
Sj−1

BR − (1 + s)K(
⇀
r
)
]2 , Sj−1

BR ≥ (1 + s)K(r) (Formation)

0, (1− s)K(r) < Sj−1
BR ≤ (1 + s)K(r) (Lazy zone)

ρ
j−1
m + ArΔt

[
Sj−1

BR − (1− s)K(
⇀
r
)
]3, Sj−1

BR ≤ (1− s)K(r) (Resorption)

(7)

where Δt is the time increment [21,48]. Young’s modulus (E, unit: GPa) of bone elements was associated
with the corresponding apparent density based on the finding of Carter and Hayes [26], such that:

E = Cρ3 (8)

where C is constant. Note that the integration coefficients A f Δt and ArΔt in Equation (7) were set as
1 × 10−11 and the constant was set as 3.79, based on the setting used in Chou et al. [29]. The value of
Young’s modulus indicated the strength of the internal structure of bone, which affected the calculation
at the next iteration. The average remodeling stimulus (Save) in each iteration was recorded and served
as a measure of convergence of the model, such that:

Save =
1

Ntotal

Ntotal∑

k=1

Sk (9)

where Ntotal is the total number of bone elements; Sk is remodeling stimulus of the local bone element k.
It is worth noting that long-term bone healing, i.e., bone remodeling, is a lifelong process and the bone
system evolves to reach an equilibrium state according to its current mechanical environment. Thus,
the time step used here is, in fact, a computational increment and is not associated with a real-life time
scale. The end of the calculation depends on the convergence of Save as mentioned above.
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3. Results

3.1. Short-Term Healing and Tissue Differentiation

Tissue differentiation and the evolution of bone ingrowth around the implant were evaluated by
the mechano-regulation model. Figure 3 shows the percentage of tissue phenotypes in each day during
the short-term healing process. In the early stage of tissue differentiation, granulation tissues still
existed in the callus region. This is because tissue differentiation was initiated when the concentration
of stem cells above certain levels. At this stage, the inner callus region has relatively low concentration
as the stem cells diffused from the boundary of the callus region. Moreover, it was found that the
soft tissue with a higher biophysical stimulus (STD > 1) such as cartilage and fibrous tissue decrease
with time while the bone tissue increased continuously until the middle of the differentiation process
(i.e., around the 35th day). After the 35th day, bones possessed a certain degree of strength, i.e., higher
Young’s modulus. This resulted in the decreasing values of bone stimuli, and thus, maturate and
immature bones gradually became the dominant tissue phenotype in the entire callus region. Then,
most of the immature bones transformed into maturate bones as the healing process was closed to the
70th day.

Figure 3. Percentage of various tissue phenotype in each day during the short-term bone healing process.

Details of the tissue phenotype at the specific days are shown in Figure 4. On the 4th day, more
than half of the callus region remained as granulation tissue, as shown in Figure 4. It is observed that
cartilages and fibrous tissues occurred around the threads in the middle part and the bottom of the
implant, respectively. It is because the applied load caused the stress concentration around the threads
and the bottom, giving higher biophysical stimulus to the elements in that region. Note that, although
there were mature and immature bones, the effective material properties, such as Young’s modulus,
were still close to that of granulation tissue based on Equation (3), due to the low concentration of
stem cell on the 4th day. Then, it can be observed that, on the 10th day, granulation tissues gradually
transformed into mature and immature bones as the concentration of stem cells increased with time.
It is worth noting that cartilages accumulated at tips of the threads since stress concentration was
partially released with the increasing maturity of the surrounding bones. On the 30th day, granulation
tissues were disappeared entirely. Cartilages were mainly located at the lingual side because of the
oblique biting force. Then, maturate and immature bones gradually dominated the entire system
around the implant on the 50th to 70th days. It is worth noting that there were very few elements of
bone resorption on the 10th day and were not shown in the current cross-section in Figure 4. In this
way, the short-term healing pattern around the implant was obtained.

131



Materials 2020, 13, 2858

Figure 4. The tissue differentiation history predicted by the mechano-regulation algorithm.

3.2. Bone Remodeling

Now consider two bone remodeling models. The first, i.e., the current model, adopted the result
at the end of short-term healing predicted by the mechano-regulation algorithm as the initial state;
the second was the conventional model based on bone remodeling algorithm with the assumption that
the extraction socket was filled with bone graft and regarded as the initial state where the material
properties were set as uniform. The setting of the second model followed the work done by the
literature [29]. Both models shared the same distribution of the objective attractor stimulus K(

⇀
r )

based on the natural tooth, as shown in Figures 5a and 6a. Then, the bone remodeling models
altered the bone apparent density of all the bone elements in the following iterations to achieve that
objective distribution.

In the current model, the distribution of Young’s modulus of the initial state is shown in Figure 5d.
It can be observed that certain regions in the callus in Figure 5d were in dark and light blue colors giving
low and high Young’s modulus, ranging from 0.001 to 6 GPa based on Table 1, due to the non-uniform
stem cell concentration and the presence of different tissue phenotypes. It is worth noting that the
average value of Young’s modulus in that region was around 2 GPa, having a good agreement with
the value used in the conventional model where uniform Young’s modulus was assumed, as shown
in Figure 6d. The corresponding bone apparent density of each element in the callus region can
then be obtained by Equation (8). The resulting model with the updated bone apparent density was
then subjected to the biting force, giving the distribution of the remodeling stimulus (SBR) for the 1st
iteration, as shown in Figure 5b. The values are shown in Figure 5a,b were substituted into Equation (7)
to obtain the updated bone apparent density for the next iteration. The corresponding distribution of
Young’s modulus in the 1st iteration was shown in Figure 5e. It can be observed that bone regions with
high Young’s modulus (above 12.18 GPa, colored in red) fully covered around the implant; most of the
bones attached to the surface of the implant were also with non-uniform Young’s modulus (ranging
from 3.04 to 6.08 GPa). The calculation continued until the 100th iteration was achieved. It is worth
noting that the average remodeling stimulus (Save) of the current model quickly converged around the
10th iteration, showing great stability. The converged values Save for both the current and conventional
models were identical. The distribution of SBR of the 100th iteration is shown in Figure 5c. It can be
observed that most of the regions had the value of SBR closed to those of the target, i.e., the objective
attractor stimulus K

(⇀
r
)
. The final state of bone remodeling gave the distribution of Young’s modulus,

shown in Figure 5f.
The average Young’s modulus of the entire system predicted by the current model was around

4.77 GPa. It is worth noting that bone resorptions (colored in gray) occurred around the threads toward
the lingual side and around the neck of the implant. The total volume fraction of bone resorption
was 0.042%. Similar to the 1st iteration, bone regions with high Young’s modulus were still fully
covered around the implant. Two additional high strength bone tissue bands connected to cortical
bones were formed in the bottom right (the lingual side) and top left (the buccal side) of the implant,
which provided extra supports and enhanced the stability of the implant.
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Figure 5. The results generated by the current model. (a) The target distribution of the attractor
stimulus K(

⇀
r ) based on the natural tooth. (b,c) are bone remodeling stimulus (SBR ) at the 1st and 100th

iterations. (d–f) are the corresponding distribution of Young’s modulus during the bone remodeling
process at the initial state, 1st, and 100th iteration.

Figure 6. The results generated by the conventional model. (a) The target distribution of the attractor
stimulus K(

⇀
r ) based on the natural tooth. (b,c) are bone remodeling stimulus (SBR ) at the 1st and 100th

iterations. (d–f) are the corresponding distribution of Young’s modulus during the bone remodeling
process at the initial state, 1st, and 100th iteration.
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Next, Figure 6d shows the distribution of Young’s modulus of the initial state adopted in the
conventional model. It can be observed that constant Young’s modulus of 2 GPa in the callus in
Figure 6d was assumed without considering the result of differentiating tissue phenotypes during the
short-term healing. Then, the distribution of the remodeling stimulus (SBR) for the 1st iteration can
be determined as shown in Figure 6b. In the 1st iteration, the distribution of SBR was similar to that
generated by the current model, apart from there was no high stimulus bands around the implant.
However, such a small difference resulted in a very different distribution of Young’s modulus shown
in Figure 6e compared with that in Figure 5e, wherein, the high strength bones partially covered
around the implant; most of the bones attached to the surface of the implant remained a constant
Young’s modulus of 2 GPa. Then, similar to the current model, the average remodeling stimulus
(Save) quickly converged. Finally, the 100th iteration was achieved, giving the distribution of SBR as
shown in Figure 6c. The resulting Young’s modulus distribution is shown in Figure 6f. The volume
fraction of bone resorption was at the value of 0.044%, which was very similar to the current model.
A significant difference between the results of the two models was the location of bone resorption.
It was found that bone resorption (colored in grey) occurred in the buccal side in the conventional
model while it appeared on the lingual side in the current model. This will be discussed in more detail
in the next section. Another obvious difference between the two models was the distribution of high
Young’s modulus bands. The high Young’s modulus band was absent in the buccal side, and thus,
no supporting connection between the surface of the implant and cortical bone. The average Young’s
modulus at the 100th iteration was around 3.65 GPa which was relatively lower than that generated by
the current model.

4. Discussion

The results mentioned above show that the initial state of bone remodeling can greatly affect
the distribution of Young’s modulus at the final state. In the current model, the initial state of bone
remodeling was the result of the mechano-regulation model (short-term healing process), giving the
top and bottom regions in the callus with lower Young’s modulus. This leads to a higher strain energy
density and a low corresponding bone apparent density base on Equation (8). Then, these regions had
higher remodeling stimulus based on Equation (5), promoting the formation of bones, i.e., Young’s
modulus and apparent density increased. This non-uniform Young’s modulus at the initial state leads
to a dramatic change of Young’s modulus in the entire callus region in the 1st iteration. On the contrary,
in the conventional model, Young’s modulus was assumed uniform, resulting in the change of Young’s
modulus around the implant only in the 1st iteration.

In the 100th iteration, it can be observed that the stability of the implants was greatly influenced
by the initial states. In the current model, there were two high strength bone tissue bands connected
to cortical bones, while there was only one connected bone tissue band in the result generated in
the conventional model. In addition, the average Young’s modulus in the current model was higher
than it predicted by the current model. Thus, the stability of the implant was underestimated in
the conventional model where uniform Young’s modulus in the callus region at the initial state was
assumed. This indicated that short-term healing can greatly affect the results of bone remodeling and
cannot be neglected.

In the results of short-term healing generated by the mechano-regulation model, soft tissues
occurred in the early stage and then replaced by bone tissues due to the decrease of biophysical stimulus
in the later stage. This was in accordance with both the experimental [14] and computational [5] works
in the literature. Where the literature reported that bone tissue forms after the formation of soft tissues
(i.e., fibrous tissue and cartilage), and then bone began to differentiate, giving the increase of fluid
flow since woven bone is more permeable. Furthermore, three additional features can be found in the
remodeling result in the 100th iteration predicted by both the current and conventional models, which
were in accordance with the clinical observations. Firstly, both models predicted a region of bone
resorption at the top surface in the lingual (right) side. This phenomenon was known as marginal bone
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loss [49,50], which was an important factor for implant stability. Secondly, both models generated a
bone resorption region in the middle of the bone-implant interface. This is the so-called stress shielding
effect [27,47], which was the result of the occurrence of high strength bone tissue (colored in red) at
the region around the first thread. However, the locations of the bone resorption region predicted by
the two models were different, where the region predicted by the current model was in the lingual
(right) side and that predicted by the conventional model was in the buccal (left) side. According to
the literature [51], bone resorption occurred on the right-hand side when the loading direction was
similar to that in the current work, i.e., the load was applied from the top right to the bottom left.
The current model successfully captured this feature, reproduce the bone resorption region at the
right-hand side at the bone-implant interface, while the conventional model predicted the location
of bone resorption at the opposite side. This shows that the current model can give a more accurate
result of bone remodeling procedure in the bone-implant-prosthesis system. Third, the result in the
100th iteration predicted by the current model shows that around 70% of the surface of the implant
was covered by bone tissues (i.e., the elements with Young’s modulus greater than that of immature
bone, 2 GPa). This value was similar to that reported by Lian et al. [31], where they suggested around
60% contact between bone and implant when an equilibrium of bone remodeling is reached. Based on
the features mentioned above, we conclude the rejection of the null hypothesis that short-term bone
healing has no effect on bone remodeling results.

Since the current hybrid model was implemented by the finite element method, which can perform
virtual tests on a wide variety of people characteristics and dental materials by simply changing the
geometry of the model, boundary conditions, and material properties of bones. Thus, the current
model can potentially provide estimated information and may even provide optimized dental implants
for dentist clinics. Next, to demonstrate the applicability of the current model and reveal the effect of
individual differences of the patients, we adopted the case of middle-aged male adults with higher
strength material property of bone, referred to as to higher bone strength case. Where Young’s modulus
of cortical, cancellous, immature, and mature bone was 1.4 times [52] than it in Table 1, while the
properties of the remaining tissues, such as fibrous tissue and cartilage, stayed unchanged. Then, the
short- and long-term bone healing processes were evaluated by the current model. The corresponding
results are shown in Figures 7 and 8, respectively. It was found that the trend of tissue differentiation
in the short-term healing process was almost identical to it the standard case as shown in Figure 4.
The only difference between the two cases was the averaged Young’s modulus in the high strength
case was about two times higher than it was in the standard case, which can be seen in Figure 8a,
where the material properties in the callus region were assigned according to the tissue differentiation
result. In the 100th iteration, there were several significant differences between the two cases. Firstly,
there was merely no bone resorption in the higher bone strength case. The volume fraction of bone
resorption was at a value of 0.0068%. Secondly, the connective tissue bands in the higher bone strength
case were thicker than in the standard case. The two features indicate that the bone system in the
higher bone strength case can provide excellent supports and enhance the stability of the implant.
This result also has good agreement with the clinical observation, where the dental implant failure rate
for the middle-aged male adults was relatively low [53].

Although the current model considered both the short-term and long-term healing process and
reproduced many features that were discovered in the experiments, the model can be further improved
by considering the physiological mechanism listed as follows. For example, a more complex diffusion
mechanism of stem cell migration in the short-term healing process, such as the growth of vessels
which can be implemented by the random-walk model [54]; periodontal ligaments (PDL), which play
a crucial role in bone remodeling, can be simulated by taken the anisotropic and nonlinear elastic
stress-strain behavior into account [55–57]. It is expected a more accurate prediction can be achieved if
these factors were considered.
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Figure 7. The tissue differentiation history predicted by the mechano-regulation algorithm in higher
bone strength case.

Figure 8. The results generated by the current model in higher bone strength case. (a–c) are the
corresponding distribution of Young’s modulus during the bone remodeling process at the initial state,
1st, and 100th iteration.

5. Conclusions

In this study, a hybrid numerical bone healing algorithm was developed to predict the morphology
of bone around dental implants with the consideration of both short-term and long-term bone healing.
The results showed that the effect of short-term bone healing should not be ignored, and the assumption
of uniform material properties for the initial state in the bone remodeling model is inappropriate.
The current hybrid model can reveal many bone healing features having a very good agreement with
the literature. It can be extended to simulate different implant geometries, applied loads, and bone
properties of patients, enabling an early prediction of the performance of clinical treatments.
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Abstract: The static and dynamic load-bearing capacities and failure modes of zirconia crowns
screwed to multi-unit abutments (MUAs) with and without a titanium base (T-base) were determined.
Thirty-six monolithic zirconia crowns screwed to straight MUAs torqued to laboratory analogs
(30 Ncm) were assigned to two groups (n = 18). In group A, the zirconia crowns were screwed directly
to the MUAs; in group B, the zirconia crowns were cemented to the T-base and screwed to the MUAs.
All specimens were aged in 100% humidity (37 ◦C) for one month and subjected to thermocycling
(20,000 cycles). Afterwards, the specimens underwent static and dynamic loading tests following ISO
14801. The failure modes were evaluated by stereomicroscopy (20×). There was an unequivocally
similar trend in the S-N plots of both specimen groups. The load at which the specimens survived
5,000,000 cycles was 250 N for both groups. Group A failed mainly within the metal, and zirconia
failure occurred only at a high loading force. Group B exhibited failure within the metal mostly in
conjunction with adhesive failure between the zirconia and T-base. Zirconia restoration screwed
directly to an MUA is a viable option, but further studies with larger sample sizes are warranted.

Keywords: monolithic zirconia; multi-unit abutment; titanium base

1. Introduction

As esthetic demands in dentistry increase, porcelain fused to metal has become more
frequently substituted with zirconia-based ceramic for teeth and implant-supported fixed dental
prostheses (FDPs) [1]. With the introduction of computer-aided design/computer-aided manufacturing
(CAD/CAM) technologies and the development of yttrium oxide partially stabilized tetragonal zirconia
polycrystalline (Y-TZP), bilaminar or preferably monolithic zirconia structures have become the material
of choice. Monolithic zirconia restorations demonstrate a high flexural strength (900–1200 MPa) and
fracture toughness (9–10 Mpa m0.5) compared to those of other ceramic materials and exhibit minimal
wear of the antagonist teeth [2,3].

Implant-supported prostheses are utilized via two methods of retention; they are either
screw-retained or cement-retained. Both modalities have benefits and shortcomings in clinical
application [4]. In recent years, with the increased risk of implant loss due to biological complications
such as peri-implantitis, which is associated mainly with cemented implant restorations, the advantages
of retrievability as well as accessibility for maintenance and replacement have accelerated the use
of screw-retained implant restorations. Due to these reasons and their apparently higher biological
compatibility, the screw-retained modalities are currently preferable [5–8]. When connecting several
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implants with a screw-retained implant restoration, there is a need for an interim part, a multi-unit
abutment (MUA), to correct the differences in implant angles and to create a common path of insertion.
The first MUA was introduced for the Branemark implant system and was configured as a two-piece
titanium abutment cylinder [9]. Currently, a one-piece abutment, which can be straight or angled,
is commonly used. These definitive MUAs enable better hemidesmosomal adherence between the
soft tissue and titanium and therefore might reduce bone resorption around the implants [10–12].
This “one abutment at one time” concept is especially advantageous in immediately restored implants
for partial and full edentulous cases, whereas non removal of the multi-unit abutments placed at the
time of surgery results in a statistically significant reduction in crestal bone resorption around the
implants [11].

The high demand for aesthetic outcomes, combined with new material technologies and the
need for retrievability in implant-supported FDPs, has led to an increased use of screwed monolithic
zirconia implant-supported restorations. Usually, this type of zirconia is cemented to a milled titanium
sleeve (T-base) and then screwed to the MUA (screwed-cemented type of restoration). This design was
suggested by McGlumphy et al. [13], Rajan and Gunaseelan [14], and Uludag and Celik [15] and is
known as “the combination implant crown”. Hussien et al. [16] showed that this type of combination
(screwed-cemented) does not affect the fatigue failure load of monolithic zirconia, monolithic lithium
disilicate, or veneered zirconia ceramic crowns when compared to cemented crowns. Moreover,
significantly higher fatigue failure loads have been recorded for monolithic zirconia crowns than for
the other two types of crowns [16]. The retention of monolithic zirconia copings to the T-base might be
the weakest link of this type of screwed-cemented restoration; therefore, a reliable bond between the
zirconia, cement, and T-base is essential for the longevity of the restoration [17,18].

In contrast to the screwed-cemented restoration, there is another mode of retention of monolithic
zirconia crowns to MUAs: Screwing the zirconia directly to the MUA (screwed restoration) without
the use of a T-base, thus avoiding the dependence on the cemented joint between the zirconia and
the titanium. Although restorations with zirconia crowns attached to MUAs with and without
titanium bases are widely used by clinicians, there is no evidence-based data to favor either of these
approaches; moreover, no research study has compared the mechanical failure between the two
methods. Some believe that the titanium base is vital for the survival of the zirconia restoration,
while others are concerned with the detrimental impact of the cement that is placed between the
zirconia and the titanium base.

The aim of the current study was to compare the static and dynamic load-bearing capacities and
determine the failure mode of 3Y-TZP (zirconia) crowns screwed to MUAs with and without a T-base.
The null hypothesis was that there would be no difference in either the failure load or the failure mode
between the two groups.

2. Results

Table 1 presents the results of the static load compressive test for three specimens of each group.
From the mean maximal failure load, the 80% level load was set for the start of the dynamic test.
The 80% level set for group A was slightly higher than that for group B.

Table 1. Mean maximal load-bearing capacity (N) and 80% level for each experimental group.

Specimen Group A(N) Group B(N)

1 872 718
2 811 680
3 675 707

Mean 786 702
80% Level 629 561

Group A—screwed restoration; Group B—screwed-cemented restoration; 80% Level—80% of the average static load
compressive test result.
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The stress-number of cycles (S-N) curve results, as well as the failure modes, are presented
in Tables 2 and 3 for group A (screwed restoration) and group B (screwed-cemented restoration),
respectively. In both groups, when the applied load was equal to 250 N, the three specimens tested
(samples 13–15) remained intact after five million cycles (Tables 2 and 3). The S-N curves for both
groups are presented in Figure 1. However, despite the small number of samples, an unequivocally
similar trend of both specimen groups on the S-N plot, could be noted.

Table 2. Fatigue test results for group A (screwed restoration).

Specimen Load (N) No. of Cycles Average No of Cycles Failure Mode

1 450 35,670 - Zirconia +metal (screw)
2 450 209,543 80,545 Metal (MUA + screw)

Zirconia +metal (screw)3 450 176,422 -
4 400 1,254,436 - Metal (MUA + screw)
5 400 125,878 533,457 Metal (MUA + screw)
6 400 220,056 - Metal (MUA + screw)
7 350 160,749 - Metal (MUA + screw)
8 350 546,871 266,048 Metal (MUA + screw)
9 350 905,205 - Metal (MUA + screw)
10 300 3,401,784 - Metal (MUA + screw)
11 300 437,068 2,946,284 Metal (MUA + screw)
12 300 5,000,000 - Metal (MUA + screw)
13 250 5,000,000 - No Failure
14 250 5,000,000 5,000,000 No Failure
15 250 5,000,000 - No Failure

With a maximum load of 250 N, three specimens completed five million cycles without fracturing; Load—maximum
load applied in each cycle; Number of cycles—number of cycles before the test was interrupted; Average number of
cycles- for particular load values; MUA—multi-unit abutment.

Table 3. Fatigue test results for group B (screwed-cemented restoration).

Specimen Load (N) No. of Cycles Average No of Cycles Failure Mode

1 550 6607 - Adhesive +metal (screw)
2 550 30,341 22,450 Metal (screw)

Adhesive +metal (screw)3 550 30,341 -
4 450 99,751 - Adhesive +metal (MUA)
5 450 178,367 158,818 Metal (screw)
6 450 198,337 - Adhesive +metal (MUA)
7 350 2,950,685 - Adhesive +metal (screw)
8 350 200,751 1,764,689 Adhesive +metal (MUA)
9 350 2,142,632 - Adhesive +metal (MUA)

10 300 553,418 - Adhesive +metal (MUA)
11 300 2,264,147 2,472,765 Metal (screw)
12 300 4,600,732 - Adhesive +metal (MUA
13 250 5,000,000 - No Failure
14 250 5,000,000 5,000,000 No Failure
15 250 5,000,000 - No Failure

With a maximum load of 250 N, three specimens completed five million cycles without fracturing; Load—maximum
load applied in each cycle; Number of cycles—number of cycles before the test was interrupted; Average number of
cycles- for particular load values; MUA—multi-unit abutment.
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Figure 1. S-N curve. Chart showing the applied load as a function of the number of cycles. After the
samples underwent five million cycles, the test was stopped. The horizontal and vertical lines are used
as a guide for the eye.

Stereomicroscopic examination of the failure mode of all the specimens revealed differences
between the groups (Tables 2 and 3). Group A exhibited mainly failure within the metal (MUA/screw),
and zirconia failure occurred only at a high loading force. The representative failure photographs are
presented in Figures 2 and 3. Figure 2 shows deformation and fracturing within the cone of the MUA,
and Figure 3 shows fracturing of the zirconia concomitantly with bending of the restoration screw
head. Group B exhibited failure within the metal (the cone of the MUA/the restoration screw head),
mostly in conjunction with adhesive failure between the zirconia and T-base. Figure 4 shows adhesive
failure between the zirconia and T-base in addition to fracturing within the MUA cone, which was the
predominant failure mode in group B.

 
Figure 2. Specimen number seven in group A shows deformation and fracturing within the cone of the
multi-unit abutment (MUA) under an applied load of 350 N. This mode of failure was predominant in
group A.
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Figure 3. Specimen number one in group A shows fracturing of the zirconia concomitantly with
bending of the restoration screw head under an applied load of 450 N. This failure was observed in
group A at only high loading forces.

 
Figure 4. Specimen number 10 in group B exhibits adhesive failure between the zirconia and T-base in
addition to deformation and fracturing within the cone of the MUA under an applied load of 300 N.
This mode of failure was predominant in group B.

3. Discussion

Numerous studies have evaluated the fracture strength of different abutments for cemented
implant restorations. No available data exists on the fracture strength of screwed implant restorations
connected to MUAs, even though these types of restorations have gained popularity with the increased
use of immediate loading of multiple implants.

The current study compared the static and dynamic load-bearing capacities and determined the
failure mode of zirconia crowns screwed to MUAs with and without a T-base, an issue that has not
yet been addressed in the literature. Our null hypothesis was partially proven because both groups
demonstrated that three specimens survived 5,000,000 cycles, according to International Standard (ISO)
14801, at 250 N. This result may indicate that the two modes of retention (with and without a T-base)
have no effect on the mechanical performance of the prosthesis under cyclic loading.

The range of human biting forces is 50–300 N in normal chewing as opposed to 175–800 N for
maximum voluntary biting forces [19–21]. These values are highly dependent on the measurement
tools, mainly strain gauges, piezo-electric sensors, and pressure sheets. In the current study, the occlusal
forces range from 250 N to 550 N, but the specimens survived 5,000,000 cycles only at 250 N. Indeed,
the 250 N value fits well within the range of normal chewing forces but should be interpreted
with caution because this value is valid for the specific configuration of the current study design.
The conclusion that zirconia screw-type prostheses, with and without a titanium base, are equally
adequate for implant-supported prostheses with MUAs must be based on the unequivocally similar
trend in the S-N plots of both specimen groups and not on the 250 N value.
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On the other hand, the failure modes differ between the groups. Metal failure (MUA/screw) was
demonstrated in both groups; however, in group A (screwed), zirconia failure was also observed,
mainly at high loading forces. This pattern was not observed in group B (screwed-cemented). With the
latter failure pattern, which included metal failure, most specimens exhibited an adhesive mode of
failure between the cement and zirconia. In this study, we used 3Y-TZP, although a newer form of
zirconia material with better translucency (5Y-TZP) has been introduced. Research has shown that
3Y-TZP has significantly higher flexural strength than that of 5Y-TZP [22]. Our purpose in the current
study was to compare both restorations for posterior clinical use; in that case, 3Y-TZP was preferred.

This research was performed according to ISO standard 14801 because the international standard
requires that stress is exerted on the implant-abutment-restoration complex in the “worst-case” scenario
loading situation [23]. In addition, the ISO standard established a methodology that can be replicated
by other researchers studying the same subject. Studies applying dynamic loading tests do not always
comply with ISO 14801. Koyama et al. [24] and Ding et al. [25] used the “staircase method” to determine
the mean cyclic fatigue force in accordance with the current study. However, Duan et al. [26] used
variable loading amplitude, and each specimen was subjected to increasing load amplitude over time
and thus experienced multiple load amplitudes. Shemtov-Yona and Rittel [27] suggested a new method
for the dynamic loading test based on random spectrum loading, noting that the ISO 14801 protocol is
questionable for statistical analysis.

In the screwed-cemented implant-supported restoration, the impact of oral fluids on the solubility
of the luting cement and the retention of the restoration is always of concern. To simulate the oral
cavity environment, artificial aging, such as water storage and thermocycling, is performed. In the
current study, an aging protocol of storage at 37 ◦C under 100% humidity for one month, followed by
thermal cycling, was conducted. Naumova et al. [28] and Güngör and Nemli [29] investigated the effect
of various resin cements on the retentive strength of zirconia abutments bonded to titanium inserts
(T-bases). Both studies showed that exposure to the liquid environment had a negative effect on the
retention force of the resin cements, regardless of whether thermocycling was performed. The specimens
were sandblasted, after which a primer was applied to some of the specimens. Irrespective of the
surface treatment, the typical mode of failure was adhesive failure. In contrast, Zenthofer et al. [30]
demonstrated that artificial aging had no effect on the retentive force of the resin cement, which might
be influenced by the type of luting cement. In the current study, we used a self-curing resin-based
cement (Multilink Hybrid Abutment cement, Ivoclar Vivadent). Güngör and Nemli [29] investigated
the effect of three types of resin cement on the retentive strength of zirconia abutments bonded to
titanium inserts and found that the retentive force of the multilink hybrid abutment cement was the
same as that of Panavia F 2.0 but was lower than that of the Zirconite cement.

The failure mode in group B (screwed-cemented restoration, with a T-base) was expected to be
mainly adhesive failure. However, our results demonstrated that at all force levels, metal failure also
occurred (screw/MUA). This result is in agreement with the results of other reports [31–33], which differ
from our study because they evaluated the strength of the zirconia abutments with and without a
T-base, while we evaluated the zirconia prostheses with and without a T-base. Metal failure was also
observed at all force levels in group A (without a T-base). One would expect that because there was no
luting cement, zirconia failure would occur in all the specimens, as this was the rationale for using the
T-base. Our results showed that zirconia failure occurred at only high loading forces. This phenomenon
is probably related to the high flexural strength (900–1200 Mpa) and fracture toughness (9–10 Mpa m0.5)
of the Y-TZP monolithic structure [3]. Under continuous cyclic loading, a catastrophic failure will
occur within the metal (titanium) at lower force levels than those affecting the zirconia. At higher
forces, because zirconia is a brittle material that is not capable of deforming, catastrophic failure will
occur within the zirconia concomitantly with metal failure. When there is a cement mediator, as in
group B, the weakest link is the cement, and thus an adhesive failure will occur and cause the zirconia
to separate from the titanium sleeve, even at high force levels. Zirconia failure was thus not observed.
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From a clinical point of view, separation of the zirconia crown from the T-base, as was found in
the screwed-cemented restoration, is easy to repair by re-cementation. Even, metal failure, either of the
MUA or of the screw head, is reparable with some cost, by simply replacing the damaged elements.
However, when a zirconia fracture occurs, as was seen in the screwed restoration (without a T-base) at
high loading forces, the zirconia crown should be replaced, with a higher cost.

The limitation of this study was the number of experiments, which was too small for full-scale
statistical analysis. However, this study highlighted an importance issue that has not yet been
addressed in the literature. Because this is a pilot study, further studies with larger sample sizes
are warranted. In addition, similar to other in vitro studies, a laboratory study design cannot fully
reproduce clinical conditions, even if the samples are artificially aged by chewing simulation and
thermocycling. One might argue that the geometry of the hemisphere with the zirconia coping
is different from the geometry of the in vivo zirconia crown. We followed the ISO protocol that
simulates the functional loading of an endosseous dental implant and its prosthesis under “worst-case”
conditions; however, this method cannot fully predict the in vivo behavior of the dental implant and
its prosthesis. Therefore, the results of the present study should be interpreted with caution.

4. Materials and Methods

Thirty-six straight MUAs (Alpha-Bio Tec., Petah Tikva, Israel) were torqued to laboratory analogs
(6 mm width) (Alpha-Bio Tec.) with a digital torque ratchet (30 Ncm) (CEDAR Model DIW 15) and
were assigned to two groups (24 specimens per group):

Group A (screwed restoration) (n= 18): Spherically shaped monolithic zirconia copings (Ceramill®

material, Amann Girrbach AG, Koblach, Austria) with a height of 10 mm and a wall thickness of
1.5 mm were designed and milled with an internal ledge for the screw head and then torqued to the
MUAs with a digital torque ratchet (25 Ncm) (CEDAR Model DIW 15) (Figure 5a).

The screwed zirconia cap has an internal zirconia ledge that supports the screw head and is in
intimate contact with the MUAs (Figure 5c).

Group B (screwed-cemented restoration) (n = 18): Spherically shaped monolithic zirconia copings
(Ceramill® material, Amann Girrbach AG, Koblach, Austria) with a height of 10 mm and a wall
thickness of 1.5 mm were designed and milled to fit a titanium sleeve (a T-base) (Alpha-Bio Tec.)
(Figure 5b). The cementation of the monolithic zirconia crowns to the T-base was performed according
to commonly accepted protocols [34]. The intaglio surface of the crowns and the outer surface of the
T-base were airborne particle-abraded using 50 μ alumina oxide particles at pressures of 1 and 2 bar,
respectively; then, the surfaces were cleaned with alcohol. The pretreated T-base and the intaglio
surface of the crown were coated with a single component primer to promote adhesion (Monobond Plus,
Ivoclar Vivadent). The primer agent was allowed to react for 60 min, after which it was dispersed by a
stream of air. The specimens were then cemented to the T-base with a self-curing resin-based cement
(Multilink Hybrid Abutment cement, Ivoclar Vivadent) according to the manufacturer’s instructions.
The copings were seated with a device that allowed a predefined pressure of 50 N to be applied along
the longitudinal axis of the abutment for 7 min [35,36]. Excess resin was removed from the bonded
margins before it set completely. After cementation, the specimens were torqued to the MUAs with a
digital torque ratchet (25 Ncm) (CEDAR Model DIW 15).

All specimens in both groups were stored at 37 ◦C under 100% humidity for one month, followed by
thermal cycling between water temperatures of 5 ◦C and 55 ◦C for 20,000 cycles with a 10 s dwell time
(Y. Manes, Tel-Aviv, Israel).

After aging, a fatigue test was performed according to the ISO standard 14801 [23]. To comply
with this standard, every specimen was embedded in a designated metal holder inclined 30◦ to the
longitudinal force axis direction. Additionally, to allow a uniform stress distribution and to avoid
stress concentration, the load was applied to a hemisphere modeled exactly on the occlusal surface of
each coping without cementation (Figure 6a,b).
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c 

Figure 5. Components of the zirconia-abutment restorations. (a) Screwed restoration; (b) screwed-
cemented restoration; (c) apical view of the screwed zirconia cap. Note the internal zirconia ledge for
the support of the screw head.

  
(a) (b) 

Figure 6. Test setup following ISO 14801:2016. (a) Schematic illustration of the test design: (1) loading
device; (2) nominal bone level; (3) zirconia coping; (4) hemispherical loading member; (5) dental
implant analog; and (6) metal specimen holder; (b) setup for the study.
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To determine the static maximum load that the assembly could resist, which corresponds to
one cycle on the S-N curve (plotted as force versus log number of cycles), three samples of each
group were subjected to an increased static compressive load at a crosshead speed of 1 mm/min until
catastrophic failure using a uniaxial universal testing machine (Instron, ElectroPuls E3000, Instron Corp.,
Buckinghamshire, high Wycombe, UK). The average failure rate from this test was calculated and
defined as the maximal failure load.

For the dynamic loading, the remaining specimens were tested in progressively lower
loads, starting at 80% of the maximal failure load, using an MTS Systems Corporation machine
(Instron, ElectroPuls E3000, Instron Corp., Buckinghamshire, high Wycombe, UK) (Tables 2 and 3).
The compressive fatigue limits were determined by testing according to the staircase or up-and-down
method [37] in a 14 Hz frequency cycle. In this method, the tests were conducted sequentially, with the
maximum applied stress in each successive test increasing or decreasing by a fixed amount according
to whether the previous stress resulted in failure, until a load was reached at which three specimens
survived 5,000,000 cycles, which is equivalent to five years of in vivo mastication [38]. The failure
mode of all the specimens was evaluated by stereomicroscopy at 20×magnification (StarLite 150, OGP,
Rochester, NY, USA).

Due to the small number of samples, no statistical analysis could be performed with sufficient
statistical power.

5. Conclusions

Within the limitations of this pilot study, zirconia restoration screwed directly to an MUA without
a T-base is shown to be a viable procedure, and the survival odds of this restoration are not inferior to
those of the screwed-cemented restoration. Failure will probably occur within the metal (MUA/screw)
before zirconia failure. Further studies with larger sample sizes are warranted.
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Abstract: This study was conducted to test the hypothesis that heat-bonding with a liner positively
affects the bond strength and fracture resistance of an implant-supported glass–ceramic crown bonded
to a zirconia abutment produced by a computer-aided design/computer-aided milling (CAD/CAM)
procedure. Lithium disilicate-reinforced Amber Mill-Q glass ceramic blocks were bonded to 3 mol%
yttria stabilized tetragonal zirconia polycrystal (3Y-TZP) blocks by heat-bonding with a liner or
cementation with a dual-cure self-adhesive resin cement for a microtensile bond strength test.
CAD/CAM implant-supported glass ceramic crowns were produced using Amber Mill-Q blocks and
bonded to a milled 3Y-TZP zirconia abutments by heat-bonding or cementation for a fracture test.
A statistical analysis was conducted to investigate the significant differences between the experimental
results. The mode of failure was analyzed using high-resolution field emission scanning electron
microscopy. Chemical bonding was identified at the interface between the zirconia ceramic and liner.
The mean tensile bond strength of the liner-bonded group was significantly higher than that of the
cement-bonded group. The initial chipping strength of the liner-bonded group was significantly
higher than that of the cement-bonded group, although no statistically significant difference was
found for the fracture strength. The mode of failure was mixed with cohesive fracture through the
liner, whereas the cement-bonded group demonstrated adhesive failure at the interface of bonding.

Keywords: CAD/CAM all-ceramic restoration; fracture strength; liner treatment; resin cement; tensile
bond strength; zirconia abutment

1. Introduction

Implant-supported crowns restore oral functions and aesthetics without affecting the integrity of
adjacent teeth. These crowns are usually connected to the implants by means of titanium abutments.
However, the use of a metallic abutment may compromise the gingival aesthetics of implant crowns,
particularly in patients presenting with a thin biotype gingival architecture. The grayish metallic color
can be pronounced with a light reflected from the metallic surface of the abutment [1,2]. In addition,
the submucosal placement of a crown margin can restrict the cement removal procedure and lead to
develop peri-implantitis [3].
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Ceramic abutments are biocompatible and aesthetic by mimicking the color of natural teeth [4,5].
In addition, the use of ceramic abutments is versatile with the development of CAD (computer-aided
design)/CAM (computer-aided milling) technology, which allows for the design and milling of zirconia
ceramics. Though concerns regarding the mechanical properties of zirconia abutments (i.e., brittleness,
stress corrosion cracking, and low temperature degradation) have been addressed, their clinical
application has been expanded for the anterior and premolar regions [6–9]. Furthermore, all abutments
made of zirconia or titanium can be customized to produce a desired size, shape, angle, and location of
a crown margin for better aesthetics [10–12].

Zirconia abutments are commonly designed as one-piece system to support implant crowns and
establish the implant–abutment interface with a zirconia ceramic. This system eliminates the negative
effects of titanium abutments related to aesthetics. However, the implant–abutment interface may
experience an excessive wear under occlusal loading due to dissimilarities between the zirconia ceramic
and the titanium implant [13,14]. Complications may include a discoloration of the peri-implant
mucosa associated with the embedment of titanium particles dislodged from implants, abutment
screw loosening, and the fracture of ceramic abutments and crowns [14,15]. This type of abutments
have also shown very low fracture resistance when compared to zirconia abutments using a titanium
base [16,17].

The two-piece system of zirconia abutments was designed to avoid the possible consequences
related to the use of the one-piece system. This system consists of a ceramic core and a titanium link
to establish the implant–abutment interface with titanium-to-titanium without compromising the
aesthetics of the ceramic abutment. The ceramic core is customized using CAD/CAM technology and
is bonded to the titanium base with adhesive resin cement [18]. This two-piece system was found
to demonstrate a higher flexural resistance than one-piece system [1,19] without compromising the
emergence profile, crown orientation, and coronal contour matching the prosthesis and anatomical
shape of the mucosa [20].

However, problems may occur when bonding a final prosthesis to a zirconia ceramic abutment [18,21,22].
The resin cement may not adhere to the zirconia ceramic abutment because of the lack of undercut
features commonly created by blasting with air-borne particle abrasion technology and/or etching with
hydrofluoric acid. The final prosthesis can be at a risk of chipping or cracking due to the relatively
weak bond strength of the resin cementing the abutment. In addition, the luting procedure of the
final prosthesis to the abutment is inconvenient and can be problematic when combined with the
submucosal margin.

A lithium disilicate-reinforced liner has recently been developed to overcome the weak linkage of
the final prosthesis of a glass–ceramic to a zirconia abutment designed to replace single anterior and
posterior teeth. However, no scientific research has been conducted to elucidate the bond characteristics
of the liner. The objective of this in vitro study was to investigate the effect of heat-bonding with
the liner on the bond strength and fracture resistance of an implant-supported glass–ceramic crown
bonded to a two-piece system zirconia abutment produced by a CAD/CAM procedure. The null
hypothesis was set to test no significant difference between the liner-bonding and the cement-bonding
of the implant-supported ceramic crown to the zirconia abutment on the initial chipping and fracture
strengths of crowns, as well as the microtensile bond strength.

2. Materials and Methods

2.1. Bond Strength Test

2.1.1. Preparation of Specimen

Three CAD/CAM 3Y-TZP zirconia ceramic blocks (Zirtooth, O98FGJ1701, Hass, Gangneung,
Korea) were machined to fabricate 6 zirconia ceramic specimens with dimensions of 10 × 10 ×
5 mm, and they were sintered in an electric furnace (Programat EP3000/G2, Ivoclar Vivadent, Schaan,
Liechtenstein) at 1450 ◦C. In addition, lithium disilicate-reinforced Amber Mill-Q glass ceramic blocks
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(Hass, Gangneung, Korea) were machined to fabricate 6 glass ceramic specimens matching the zirconia
ceramic specimens (10 mm × 10 mm × 5 mm).

For bonding with the liner, the liner (Hass, Gangneung, Korea), consisting of 5–15 wt.% Li2O,
55–65 wt.% SiO2, and 5–25 wt.% other trace elements of oxides and colorants was applied on the
surfaces of 3 zirconia ceramic specimens. Then, heat-bonding with 3 lithium disilicate-reinforced glass
ceramic specimens was conducted at 800 ◦C.

For bonding with a resin cement, 3 lithium disilicate-reinforced glass ceramic specimens were
acid-etched with 9.5% hydrofluoric acid gel (Bisco, IL, USA) for 30 s, washed with distilled water, dried,
and silane primer (EspeTM Sil, 3M/ESPE, Seefeld, Germany) coated. The surfaces of 3 zirconia ceramic
specimens were roughened using an air-borne particle abrasion technology with 50 μm alumina
particles (Hi-aluminas, Shofu, Japan) under the pressure of 3 atm at a distance of 10 mm [23]. After
placing the specimens in an electric furnace (Programat EP3000/G2), the temperature was raised to
1000 ◦C at a rate of 50 ◦C/min, held for 10 min, and then cooled to 25 ◦C in the furnace to restore
the phase transformations occurred during the blasting procedure. Then, a 10-methacryloyloxydecyl
dihydrogen phosphate (MDP)-containing primer (Z-PRIMETM plus, BISCO, Schaumburg, IL, USA)
was coated on the surface of zirconia ceramic specimens [24]. The cement bonding between the lithium
disilicate-reinforced glass and zirconia ceramics was performed using a self-adhesive dual-cure resin
cement (Rely-XTM U200, 3M/ESPE, Neuss, Germany) with an equal amount of base and catalyst pastes
mixed for 20 s. The cement was applied to the prepared ceramic surface and a pressure of 49 N was
applied to the ceramic specimens under a constant-load device. After the removal of excess cement,
the resin cement was photopolymerized using an light emitting diode (LED) curing unit (G-Light, GC
Corporation, Tokyo, Japan) for 20 s from each of the four directions for a total of 80 sec under a light
intensity of 550 mW/cm2 at a distance of 2 mm. The specimens were kept under pressure for additional
10 min, relieved from the constant-load device and immersed in distilled water for 24 h.

The bonded ceramic blocks were serially sectioned perpendicular to the bonded surface. The first
cut was made through each specimen using a high-speed diamond cutting machine (Accutom-50,
Struers Inc, Cleveland, OH, USA) to produce a 1 mm thick plate, and the sliced plate was cut using
a low-speed diamond cutting machine (Metsaw-LS, Topmet, Daejeon, Korea) after rotating 90◦ for
second set of cuts. Twelve specimens (1.0 mm × 1.0 mm × 10 mm) were prepared with 3 ceramic blocks
per each group by selecting 4 specimens from the middle of a bonded ceramic block (10 mm × 10 mm
× 10 mm). Thus, a total of 24 specimens (12 × 2 groups) were used for the bond strength test. Figure 1
schematically shows the preparation process of specimens for the microtensile bond test.

2.1.2. Microtensile Bond Strength Test

The prepared ceramic specimens were attached to the grip of metal holders, mounted, and
subjected to tensile force in a universal testing machine (Instron, Model 5569, Instron Co., Norwood,
MA, USA) at a crosshead speed of 0.5 mm/min [25,26]. The microtensile bond strength was calculated
in MPa with the failure load (N) divided by the cross-sectional area (mm2) of each test specimen.
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Figure 1. Schematic summary for the preparation process of specimens for the microtensile bond test.

2.2. Fracture Test for Implant-Supported Crowns

2.2.1. Preparation of Implant-Supported Crowns

The mandibular right first molar was scanned using a D900L scanner (3Shape, Copenhagen,
Denmark) to create an implant-supported crown. Twenty ceramic crowns were produced by milling a
lithium disilicate-reinforced glass ceramic block using CAD/CAM milling machine (CEREC MC, Sirona,
Salzburg, Austria) to make 10 samples per group for the liner-bonded and cement-bonded groups.
The internal aspect of each crown was acid-etched for bonding to a zirconia abutment presenting with a
diameter of 4 mm and length of 8 mm. The bonding was performed using the same method as described
in the section of the bond strength test for each liner-bonded and cement-bonded group. The zirconia
abutments were connected to the titanium link abutments (SRN-SURO-H, GeoMedi Co, Ltd., Uiwang,
Gyeonggi, Korea) with a dual-cure resin cement after applying an MDP containing primer.

The prepared crowns were coated with a thin layer of e.max Ceram glaze paste (Ivoclar/Vivadent,
Schaan, Liechtenstein) and glazed in an electric furnace (Programat EP3000/G2). The temperature was
raised to 730 ◦C at a rate of 35 ◦C/min and held for 1 min. For the liner-bonded group (MLG: Milled,
liner-bonded and glazed), the ceramic crowns were glazed following the bonding with the zirconia
abutments. However, for the cement-bonded group (MGC: Milled, glazed, and cement-bonded),
the ceramic crowns were glazed prior to bonding to the abutments.

2.2.2. Fracture Test of Implant-Supported Crown

The prepared ceramic crown/abutment specimens were connected to titanium implant analogs
(Geo 3D Analog, GeoMedi Co, Ltd., Uiwang, Gyeonggi, Korea) with titanium abutment screws and
tightened to 30 N·cm twice at 30 seconds interval using a torque gauge (9810P, Aikoh Engineering Co,
Higashiosaka, Osaka, Japan) [27]. The screw access holes were filled with a light-activated composite
resin (FilteckTM Z350 XT, 3M ESPE, MN, USA), and the prepared specimens were immersed in distilled
water at 37 ◦C for 24 h.

The crowns were supported and secured to a base retainer and loaded axially to fracture in a
universal testing machine (Universal testing machine 4201, Instron, Canton, MA, USA). The compression
load was transferred through a 5 mm diameter steel ball positioned in the central fossa of the crown.
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The load was applied at a crosshead speed of 0.5 mm/min and continued to the point of fracture,
and the fracture load of each ceramic crown was recorded [28,29]. The initial chipping strength was
determined at the point when the load value showed slightly transient drop.

2.3. Surface Analysis

High-resolution field emission scanning electron microscopy (HR FE-SEM in KBSI Jeonju, SU8230,
Hitachi, Japan) was used to investigate the topography of the liner-bonded surface, cross-sectional
bonded interfaces, and fractured surfaces after etching with a 9.5% hydrofluoric acid gel for 30 s.
The liner layer was removed with a 5% hydrofluoric acid solution for 30 min to identify the effects of
liner treatment on zirconia ceramic. The distribution of the chemical elements at the bonded interface
was analyzed using an energy dispersive X-ray spectrometer (EDS, Bruker, Germany), and the crystal
structure on the liner-bonded surface was investigated by X-ray diffraction (XRD, Dmax III-A type,
Rigaku, Japan).

2.4. Statistical Analysis

The statistical analysis was conducted by SPSS software (version 12.0, SPSS, Chicago, IL, USA).
A Student’s t-test was conducted to investigate significant differences between the experimental results
for the 2 test groups (p < 0.05). A Weibull analysis was performed with the experimentally measured
load-at-failure values for each group of bonded ceramic specimens.

3. Results

The null hypothesis on the microtensile bond strength was rejected. Table 1 summarizes the
distribution characteristics of the Weibull analysis for the microtensile bond strength test. The Weibull
modulus (m) was higher for the liner-bonded group (5.8) than for the cement-bonded group (4.1).
The mean values of microtensile bond strength for the liner-bonded group (47.7 MPa) were significantly
higher than for the cement-bonded group (19.6 MPa) (p < 0.05). In addition, the Weibull distribution
showed a matched tendency with a single mode (r2 > 0.958) (Figure 2).

Table 1. Weibull analysis data of a microtensile bond strength test for lithium disilicate-reinforced glass
ceramic and zirconia of the liner-bonded group and the cement-bonded group.

Parameter
Group Liner-Bonded Resin Cement-Bonded

m 5.836 4.133
σo 50.8 2.36
r2 0.961 0.958

σf(mean) ± SD 47.7 ± 8.7 19.6 ± 4.7
σf(min/med/max) 32.8/45.5/58.7 10.9/20.6/26.0

N 12 12

where m =Weibull modulus; σo = characteristic strength in MPa; r2 =Weibull distribution regression coefficient
squared; σf(mean) = mean fracture strength in MPa; σf(min/med/max) = minimum, median and maximum fracture
strength in MPa; and N=number of samples.

The heat-bonding with the liner was found to induce a chemical interaction with the milled
zirconia ceramic abutment. A large number of pores was found in the reaction layer of liner bonding,
altering the surface topography of the zirconia ceramic (Figure 3a,b). The zone of the chemical
reaction was measured approximately 3 μm across the interface of the bonding of the zirconia ceramic
(Figure 3d,e).
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Figure 2. Weibull plots of a microtensile bond strength test for lithium disilicate-reinforced glass
ceramic and zirconia of the liner-bonded group and the cement-bonded group.

 
Figure 3. High-resolution field emission scanning electron microscopy (HR FE-SEM) images of the
zirconia ceramic specimen demonstrating (a) crystal structure after sintering at 1450 ◦C, (b) its alteration
of surface morphology with liner treatment (liner removed with acid etching with a 5% hydrofluoric
acid solution for 30 min after a fracture test), (c) liner-bonded zirconia surface, and (d) cross-sectional
view of liner-bonded interfacial interaction zone, and (e) energy dispersive X-ray spectrometer (EDS)
line analysis data of Si and Zr after acid etching with 9.5% hydrofluoric acid gel for 30 s.
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The chemical reaction of the liner against the zirconia abutment was confirmed by XRD diffraction
analysis, where the peaks were noted as corresponding to lithium metasilicate (Li2SiO3) and zirconium
silicate (ZrSiO4), as well as zirconia (ZrO2) and silica (SiO2) (Figure 4).

Figure 4. XRD diffraction analysis of the lithium disilicate-reinforced liner-bonded interface of the
zirconia ceramic.

The interfacial layer created by the liner-bonding was found to be more consistent than that
created by the cement-bonding. The liner-bonded interfacial layer was thicker with a higher mean
value and standard deviation (33.6 ± 5.2 μm) than the cement-bonded interfacial layer (13.3 ± 1.6 μm)
(Figure 5). Neither a pore nor a gap was noted in the liner-bonded interfacial zone, whereas numerous
micro-pores and micor-gaps were found in the cement-bonded interfacial layer.

 
Figure 5. HR FE-SEM images of bonded interface between lithium disilicate-reinforced glass ceramic
and zirconia for (a) the cement-bonded group and (b) the liner-bonded group.

When the debonded surfaces of the liner-bonded and liner-bonded groups were visually evaluated
with high magnification images of HR FE-SEM, the mode of failure of the liner-bonded group was
mixed with cohesive fracture propagated through the liner (Figure 6). In contrast, the mode of failure
of the cement-bonded group was adhesive where the fracture occurred at the interface between the
zirconia ceramic and the cement layer (Figure 7).
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Figure 6. HR FE-SEM images of the liner-bonded group demonstrating mode of failure with the
microtensile bond strength test. (a) Fracture surface of specimen demonstrating inhomogeneous pattern
of fracture, (b) magnification of point A demonstrating that the zirconia surface layer reacted with
the liner, (c) the magnification of point B demonstrating the microstructure of the liner, and (d) the
magnification of point C demonstrating the presence of needle-shaped lithium disilicate crystals in the
lithium disilicate-reinforced glass ceramic.

 
Figure 7. HR FE-SEM images of the cement-bonded group demonstrating mode of failure with the
microtensile bond strength test. (a) Fractured surface of specimen demonstrating the homogeneous
pattern of fracture, (b) the magnification of point A demonstrating the irregular structure of the zirconia
ceramic, and (c) the magnification of point B demonstrating the crystal structure of zirconia.

The null hypothesis was rejected on the initial chipping and fracture strengths but accepted on
the fracture strength. The mean values and standard deviations of the initial chipping strength and
fracture strength of implant-supported glass ceramic crowns bonded to zirconia ceramic abutments
were 843.8 ± 317.5 N and 1929.6 ± 191.1 N for the liner-bonded (MLG) groups and 341.0 ± 90.2 N and
1711.1 ± 275.4 N for the resin cement-bonded (MGC) group (Figure 8). The initial chipping strength of
the MLG group was significantly higher than that of the MGC group (p < 0.05), although no significant
difference was found in the fracture strength.

When the fractured surfaces of the lithium disilicate-reinforced glass ceramic crown and the
zirconia ceramic abutment were visually evaluated with a high magnification images of HR FE-SEM,
the mode of failure of the MLG group was mixed with adhesive and cohesive fractures propagated
through the liner (Figures 9 and 10b–d). However, the mode of failure was adhesive in the MGC group,
and the fractures consistently occurred at the interface between the cement layer and the zirconia
ceramic abutment (Figures 9 and 10e,f).
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Figure 8. Graphical illustration for initial chipping and fracture strengths of crowns for the resin
cement-bonded and liner-bonded groups.

 
Figure 9. Photographic (a) and HR FE-SEM images of the lithium disilicate-reinforced glass ceramic
crown that demonstrate the mode of failure; (b) the magnification of point A for the (milled, liner-bonded
and glazed) MLG group: Inhomogeneous pattern of fracture surface; (c) the magnification of point B:
Cohesive fracture occurred through the liner; (d) the magnification of point C: Adhesive fracture occurred
at the interface with liner, and (e) magnification of point A for the milled, glazed, and cement-bonded
(MGC) group: Homogeneous pattern of fracture surface; (f) the magnification of point D: Cement layer
indicating adhesive fracture occurred at the interface with the zirconia ceramic abutment.
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Figure 10. Photographic (a) and HR FE-SEM images (b–d) of the zirconia ceramic abutment; (b) the
magnification of point A for the MLG group: Inhomogeneous pattern of fracture surface; (c) the
magnification of point B: Adhesive fracture occurred at the interface with liner; (d) the magnification of
point C: Cohesive fracture occurred through the liner; (e) the magnification of point A for the MGC
group: Homogeneous pattern of fracture surface; (f) the magnification of point D: Zirconia crystals
indicating that an adhesive fracture occurred at the interface with resin cement.

4. Discussion

The liner-bonded ceramic crowns were superior to the cement-bonded ceramic crowns in
developing a higher resistance to fracture. The bond strength of the lithium disilicate-reinforced glass
ceramic to the zirconia ceramic was higher when the bonding was established with the lithium-disilicate
liner than with an adhesive cement. The mean values of microtensile bond strength for liner bond
and cement bond were 19.6 and 47.7 MPa, respectively, in this study. As an ideal biomaterial would
have bonding forces included in the interval of 5–50 MPa, even if these values are mostly theoretical,
both the liner and cement bond tested in this study exhibited bond strength within these limits [30].
The liner-bonded ceramic crowns resisted a higher loading without demonstrating a chipping than
the cement-bonded crowns, although no significant difference was found in the fracture strength
between the liner-bonded group and the cement-bonded-group. As confirmed in Figures 3 and 5, the
strong chemical bonding between the lithium disilicate liner and the zirconia ceramic was induced in
the liner-bonded group, but there were lots of pores in the cement and mircro-gaps at the interface
of the lithium disilicate-reinforced glass ceramic and cement in the cement-bonded group. Thus, it
can be explained that the lower chipping strengths of the cement-bonded crowns than those of the
liner-bonded crowns resulted from the stress concentration at defects of the interface when compression
load was applied to the crown [31].

The bonding of ceramic restorations commonly involves acid etching and/or sandblasting
procedures [32,33]. In the previous studies, it was reported that the shear bond strength of pre-sintered
zirconia and the veneering porcelain did not change by conditioner treatment, but the failure mode
was improved after thermal cycling [32]. It was also identified that the sandblasted zirconia surfaces
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had significantly higher shear bond strengths than non-treated and chemically etched surfaces
without thermocycling, irrespective of conditioner treatment, and the highest shear bond strength
and improved failure mode was confirmed by the application of both conditioner treatment and
sandblasting [33]. Zirconia ceramics do not demonstrate the typical undercut features created by
acid etching since they have chemical stability and almost no glass matrix. The silane treatment
is not as effective as in silicate ceramics. The zirconia ceramics are usually roughened using an
air-borne particle abrasion technology [34,35]. This procedure exposes sharp asperities of surface
structures and increases surface area for bonding [36,37]. The resin cement should wet the surface
and adhere to the irregular surface of ceramic restoration. This type of bonding relies on the surface
characteristics of ceramic restorations, as well as the wettability and chemical compositions of resin
cements, including the mechanisms of polymerization. According to Dérand et al. and Lüthy et al., the
implant-supported zirconia restorations can fail at the interface when bonding is established with resin
cements containing only 2,2-bis[p-(2′-hydroxy-3′-methacryloxypropoxy)phenylene]propane (bis-GMA)
or 1,6-bis(methacryloxy-2-ethoxycarbonylamino)-2,4,4-trimethylhexane (UDMA) monomer [38,39]. In
another study, it was identified that the shear bond strength of resin cements containing MDP of a
zirconia ceramic was significantly improved by the application of a zirconia primer on both polished
and blasted zirconia surfaces when comparing the results of the non-treatment of zirconia primer [40].

The one-piece system of zirconia abutments was found to present with some degree of misfit at
the implant–abutment interface because of the challenge of the manufacturing process of the ceramic
abutment [41,42]. Under loading, these abutments can induce an abrasion with micromotion at
the implant–abutment interface [43]. The abutment screw can be loosened and lead to a bacterial
colonization at the interface [6,44], as well a fracture failure of the implant-supported restoration.

The two-piece system of zirconia abutments involves using a titanium base to establish an
interfacial connection with similar materials to the implant to avoid possible complications resulting
from the use of dissimilar materials [18,22]. These abutments were found to demonstrate a higher bond
strength when the abutment was roughened with 110 μm alumina particles at 2.5 atm, coated with a
ceramic primer, and bonded with a dual-cure self-adhesive resin cement [45]. However, the increased
bond strength was possible when the titanium base was included when roughening the zirconia core by
sandblasting. The bonded interface was intimate without demonstrating a gap between the abutment
and cement layer. According to Ebert et al. [46], the retention of cement-bonded zirconia abutments
was significantly higher when the bonded interfacial gap was less than 30 μm.

The fracture resistance was higher when the zirconia abutment was designed to receive the
support of the titanium base [17]. Gehrke et al. [7] used CAD/CAM technology to design zirconia
abutments connected to an internal-hex titanium implant. The test specimens were thermocycled
and cyclic loaded to fracture. They found that the two-piece system sustained a significantly higher
fracture load than the one-piece system. Though the axial force generated during chewing typically
does not exceed 220 N [47], the threshold for failure is estimated to be approximately 400 N according
to the research conducted by Andersson et al. [48] and Att et al. [44].

Sandblasting is a common method of surface treatment used to bond zirconia ceramic restorations.
The effect of this mechanical method, however, is limited to creating desired undercut features and
increasing bond strength because of the dense polycrystalline structure of the zirconia ceramic [49,50].
However, the heat-bonding with the lithium disilicate liner was found to induce a chemical bonding to
the zirconia ceramic, as indicated by the alteration of the crystal structure of zirconia at the interface of
bonding. The zone of the chemical interaction with bonding revealed components of Si and Zr oxides
which agreed with the previous research conducted by Jang et al. [31] and Aboushelib et al. [51].

The mode of failure was mixed with cohesive fracture propagated through the liner in the MLG
group, whereas the failure was adhesive at the bonded interface of the ceramic and resin cement
in the MGC group. The cement layer was thin at the interface and contained numerous pores and
gaps. Meanwhile, no gap or pore was noted at the interface of the heat-bonding with the liner. These
characteristics of bonding and mode of failure might have played a critical role in developing a higher
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fracture resistance of the implant-supported glass ceramic crown combined with a two-piece system
of a zirconia abutment produced by a CAD/CAM procedure. However, a clinical study is yet to be
conducted to determine the clinical success of the glass ceramic crown bonded to the zirconia abutment
by means of heat-bonding with the liner.

5. Conclusions

The bond strength and fracture resistance of a milled lithium disilicate-reinforced glass ceramic
bonded to a milled zirconia ceramic are affected by the modification of bonding procedures. The bond
strength and fracture resistance were significantly higher when the bonding was established by means
of heat-bonding with the lithium-disilicate liner than by a resin cement. The pattern of interfacial
failure for the liner-bonded group was mixed with the fracture propagated through the liner. However,
after visual inspection, the cement-bonded group demonstrated an adhesive failure at the interface of
bonding. The results of this study suggest that heat-bonding with the liner can be an alternative to
bond CAD/CAM-produced glass ceramic crowns to zirconia ceramic abutments in order to reduce the
risk of crown dislodgement and fracture.
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Abstract: Different techniques are available to manufacture polymer-infiltrated ceramic restorations
cemented on a chairside titanium base. To compare the influence of these techniques in the mechanical
response, 75 implant-supported crowns were divided in three groups: CME (crown cemented
on a mesostructure), a two-piece prosthetic solution consisting of a crown and hybrid abutment;
MC (monolithic crown), a one-piece prosthetic solution consisting of a crown; and MP (monolithic
crown with perforation), a one-piece prosthetic solution consisting of a crown with a screw access hole.
All specimens were stepwise fatigued (50 N in each 20,000 cycles until 1200 N and 350,000 cycles).
The failed crowns were inspected under scanning electron microscopy. The finite element method was
applied to analyze mechanical behavior under 300 N axial load. Log-Rank (p = 0.17) and Wilcoxon
(p = 0.11) tests revealed similar survival probability at 300 and 900 N. Higher stress concentration
was observed in the crowns’ emergence profiles. The MP and CME techniques showed similar
survival and can be applied to manufacture an implant-supported crown. In all groups, the stress
concentration associated with fractographic analysis suggests that the region of the emergence profile
should always be evaluated due to the high prevalence of failures in this area.

Keywords: dental implant–abutment design; dental implants; dental materials; finite element
analysis; material testing; ceramics

1. Introduction

Restorations performed using the computer-aided design and manufacturing facility (CAD/CAM)
became increasingly popular in dental applications [1]. Due to the wide variety, CAD/CAM materials
could be generally divided into two main categories: ceramics and composites [2]. Comparing both
categories, indirect composite restorations are more resilient, easier to finish and polish, less abrasive to
the antagonist, and allow an easy occlusal adjustment [3]. In contrast, the ceramic restorations present
better biocompatibility, superior aesthetics, greater wear resistance and greater color stability [4].
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Combining the positive properties of CAD/CAM ceramics and composite materials, a hybrid
material was developed, which is also known as a polymer-infiltrated ceramic network (PIC) [5].
This material has a relatively low elastic modulus compared to conventional ceramics [6], besides
presenting better marginal integrity and machinability [7]. Among the available CAD/CAM blocks
from this new class of materials, the Vita Enamic (Vita Zahnfabrick, Bad Säckingen, Germany) stands
out for its better long-term color stability [1] and the ability to deform during a load application prior to
fracture [8], which ensures proper aesthetics and strength for the rehabilitation. These characteristics are
a consequence of the feldspar ceramic involved in a resin matrix [9] based in urethane dimethacrylate
(UDMA) and triethylene glycol dimethacrylate (TEGDMA) [5]. The ceramic portion consists of 58–63%
of SiO2, 20–23% of Al2O3, 9–11% of Na2O, 0.5–2% de B2O3, and less than 1% of Zr2O and CaO [10].
This combination provides adequate wear resistance, flexural strength, and elastic modulus close to
dentine tissue [2,11,12]. PICs also have a hardness value between dentin and enamel [11], a maximum
fracture load near 2000 N [13], and longitudinal clinical reports with high success rates [14,15].
In observing implant-supported prosthesis, the manufacture of metal–ceramic restorations is defined
as the gold standard for prosthetic rehabilitation [16]. However, the monolithic crowns in PIC appear
to be a reliable option [16].

Despite the reliability of implant-supported PIC restorations for cemented full-crown design,
implant dentistry could present different limitations and aesthetics requirements [17]. Sometimes, the
use of a conventional titanium abutment to link the crown and the implant could not be the ideal
digital workflow [18]. Since the titanium is a metallic substrate, this abutment can generate a gray zone
effect on the peri-implant marginal mucosa [19]. To reduce this effect, the hybrid abutment emerged as
an alternative to be used to link the ceramic crown and the implant [20]. The hybrid abutment consists
of two parts: a titanium base (Tibase) and ceramic mesostructure. The first one is responsible for
keeping the connection between the implant and abutment in metal, and the second one is responsible
for improving the peri-implant mucosa aesthetics [20–26]. For this technique, the crown is indicated to
be cemented on the mesostructure (two-piece design).

To manufacture the mesostructure, the ceramic blocks containing a central hole (implant-solution
CAD/CAM blocks) are required to allow the connection with the Tibase and the screw access to
the implant. The literature reports the possibility of performing mesostructures in zirconia, lithium
disilicate [20,25,27] and PIC [22–24,28]. The implant solution CAD/CAM blocks also can be machined as
a crown without the mesostructure. This approach named one-piece design [29] simplifies the chairside
process, requires the use of only one CAD/CAM block, and allows the manufacture of screw-retained
crowns [20,28,29]. The comparison of the load-to-fracture of these two designs was performed for
zirconia and lithium disilicate restorations [20,26,27]. However, it is well known that dental ceramics
fail under fatigue, in consequence of the slow crack growth in stressed areas [30,31]. For this reason,
this study investigated the survival probability, Weibull characteristics, and stress distribution of PIC
crowns cemented on a chairside titanium base manufactured using different techniques. The null
hypothesis was that there would be no difference between the designs for the analyzed parameters.

2. Materials and Methods

2.1. Specimens Preparations

Seventy-five (75) morse-taper implants (Conexão Sistemas de Prótese, Arujá, SP, Brazil) were
installed in polyurethane resin, which is a validated material to simulate the bone tissue in in vitro
studies due to its elastic behavior and stiffness [32]. For that, the polyurethane resin was manipulated
using an identical volume of base and catalyst homogenized in a rubber bowl. The mixture was
poured into (25 × 20 mm) polyvinyl chloride cylindrical support. After the complete resin cure,
the polyurethane surface was polished with silicon carbide papers (P600 and P1200) under water
cooling in an orbital gridding machine (Buehler, Ecomet 250, Lake Bluff, IL, USA). A sequence of
surgical drills was used, according to the manufacturer’s indication (Conexão Sistemas de Prótese,
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Arujá, SP, Brazil), to make a synthetic surgical alveolus perpendicular to the surface and centered in
the polyurethane cylinder. In each cylinder, with the aid of a manual torque wrench, the implants
(4.1 × 10 mm) were installed (40 N·cm) keeping 3 mm of the implant not embedded in the resin,
following the ISO 14801:2016 for mechanical implant testing.

All Tibases (Conexão Sistemas de Prótese, Arujá, Brazil) were sandblasted with 50 μm aluminum
oxide (Al2O3) particles at a pressure of 1.5 bar, using an implant analog to assist the laboratorial
handling. After, they were cleaned in an ultrasonic bath (5 min with isopropyl alcohol) and received a
layer of Alloy Primer (Kuraray Noritake Dental Inc., Okayama, Japan) for 60 s. All titanium bases
surfaces were gently blow dried, and the screw access holes were protected with a Teflon tape. A thin
layer of titanium dioxide-based powder (Ivoclar Vivadent, Schaan, Liechtenstein) was sprayed onto
each of the titanium bases for scanning (inEos Blue, inLab SW4.2, Sirona, Benshein, Germany) and
subsequent restorations manufacture. The sets were randomly divided into three experimental groups
(n = 25), according to the prosthesis manufacturing technique.

2.1.1. Crown Cemented on a Mesostructure (CME) Prosthesis Design: Two-Piece Prosthetic Solution
Composed by a Crown Cemented on the Hybrid Abutment

In this technique, the first structure to be manufactured is the mesostructure. For that, the inLab
software (Sirona Dental Systems, Bensheim, Alemanha) was used to design the mesostructure and
its insertion axis. The data were sent to the equipment Cerec inLab (5884742 D329, Sirona for
Dental Systems, Benshelm, Germany), and 25 structures were milled using Vita Enamic IS-14 blocks
(Vita Zahnfabrik, Bad Säckingen, Germany) that contain a central access hole. The mesostructures were
separated from the remaining blocks with the aid of a diamond blade and fine-grained diamond bur
under abundant irrigation. Next, the mesostructures were polished with pink (10,000 rpm) and gray
rubbers (8000 rpm) from a Vita Enamic Polishing Set (Vita Zahnfabrick) and cleaned in an ultrasonic
bath (5 min in distilled water) to remove debris from the polishing rubbers or surface contaminant that
may interfere on the adhesive procedure. To complete the hybrid abutment (mesostructure + Tibase),
the mesostructure intaglio surface received a silane agent (Clearfill Ceramic Primer, Kuraray Noritake
Dental Inc., Okayama, Japan) for 60 s. The self-etching resin cement (Panavia F 2.0, Kuraray Noritake
Dental Inc., Okayama, Japan) was manipulated and applied on the Tibase and the mesostructure,
which were held in position with 750 g. The excess cement was removed with a microbrush and light
cured (Valo, Ultradent Products, South Jordan, UT, USA) following the manufacturer instructions.
The hybrid abutments were installed on the implants with 30 N·cm torque. Next, the mesostructures
were scanned for conventional full crown preparations. Then, twenty-five (25) crowns were designed,
milled in PIC blocks, polished, and cemented on the hybrid abutment (Figure 1). Both cementation
lines were polished with the Vita ENAMIC polishing kit at 5000 rpm.

 

Figure 1. (a) Mesostructure machined in implant solution block and monolithic crown machined in
conventional block. (b) Silanization of the internal surface of the mesostructure. (c) Luting of the
mesostructure on the titanium base (Tibase) using self-etching resin cement. (d) Photoactivation of
resin cement. (e) Crown silanization. (f) Luting of the crown on the mesostructure. (g) Light curing.
(h) Crown cemented on a mesostructure (CME) group crowns completed.
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2.1.2. Monolithic Crown (MC) Prosthesis Design: One-Piece Prosthetic Solution Composed by a
Crown Direct Cemented on a Titanium Base

In this technique, first, the Tibases were installed on the implants with 30 N·cm torque. Then,
the crowns were designed, polished, cleaned, and cemented directly on the Tibases as a conventional
abutment. The cementation line was polished with the Vita Enamic polishing kit at 5000 rpm (Figure 2).

 

Figure 2. (a) Monolithic crown machined in conventional block; (b) Silanization of the internal surface
of the crown; (c) Luting of the crown on the titanium base (Tibase) using self-etching resin cement;
(d) Removal of excess cement; (e) Light curing; (f) MC group crowns completed.

2.1.3. MP Prosthesis Design: One-Piece Prosthetic Solution Composed by a Crown Cemented on a
Tibase with Screw Access Hole

For the monolithic crown with perforation (MP) group, the crowns were manufactured in one
piece using Vita ENAMIC IS-16 blocks (Vita Zahnfabrik, Bad Säckingen, Germany). The crowns with
the occlusal perforation were polished, cleaned, and cemented on the Tibases. Through the screw
access hole, the sets (crown and Tibase) were positioned on the implants and with a manual torque
wrench fixed with 30 N·cm of torque. For each specimen, the screw access hole was conditioned
with 5% hydrofluoric acid for 60 s, washed with a water jet for 20 s, and dried with air jets. Then,
the bonding agent was applied, and the access was sealed with composite resin. The cementation line
and the composite resin interface were polished with a polishing kit (Vita Zahnfabrik, Bad Säckingen,
Germany) at 5000 rpm (Figure 3).

 

Figure 3. (a) Monolithic crown machined in an implant solution block; (b) Alloy primer application in
the titanium base (Tibase); (c) Silanization of the internal surface of the crown; (d) Removal of excess
cement; (e) Light curing; (f) Sealing of the screw access hole with composite resin; (g) Monolithic crown
with perforation; (h) (MP) group crowns completed.
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For all groups, the crowns (Vita ENAMIC, Vita Zahnfabrik, Bad Säckingen, Germany) were
manufactured with identical anatomy, minimum occlusal thickness at 1 mm, 0.8 mm cervical wall
around the base, 0.4 mm cervical terminus, and 80 μm space for the cement layer.

2.2. Fatigue Test

The specimens were stored in distilled water for a period of 24 h prior to the fatigue test.
Five samples of each group were submitted to the single load to fracture test (SLF) in an universal
testing machine (EMIC DL 1000, EMIC, São José dos Pinhais, PR; 1 mm/min speed, 1000 kgf load cell).
From the mean load value (1200 N), the fatigue profile used in the stepwise test was determined.
Twenty (20) specimens of each group were tested until failure in an adapted fatigue tester (Fatigue Tester,
ACTA, The Netherlands). The fatigue load was delivered (6 mm diameter, stainless steel, water, 25 ◦C,
1.4 Hz) on the occlusal fossa [13,33]. The test started with 300 N during 5000 cycles (40% of the SLF).
After each step of 20,000 cycles, the load was increased [34] in 50 N until the maximum load of 1200 N
and 350,000 cycles. The specimens were checked for cracks and/or fractures in each step (Figure 4).

 

Figure 4. Sample positioned to perform the survival test.

2.3. Fractographic Analysis

The failures were classified according to the patterns obtained after the fatigue test [33,34].
To determine the fracture features methodologically, the ceramic fragments were evaluated to
identify the direction of crack propagation and location of the origin [33–35] with the aid of a
stereomicroscope (Stereo Discovery.V20, Carl Zeiss, LLC, USA). For that, the regions of interest were
divided into quadrants, and the representative specimens were subjected to photomicrographs of
greater magnification in each of these quadrants by scanning electron microscopy (SEM). For this,
the specimens were cleaned in an ultrasonic bath with isopropyl alcohol for 10 min, dried, gold sputtered,
and analyzed under scanning electron microscopy (SEM; Evo LS15, Oberkochen, Carl Zeiss, Germany)
to identify the size and origin of the critical defect. The micrographies were merged to enable the
crown fractographic analysis overview.

2.4. Nonlinear Finite Element Analysis

The three-dimensional (3D) industrial designs of the implant, Tibase, and prosthetic screw were
provided by the manufacturer as stereolitographic files (Conexão Sistemas de Prótese, Arujá, Brazil)
and imported to the modeling software (Rhinoceros version 5.0 SR8, McNeel North America, Seattle,
WA, USA). Then, through automatic reverse engineering, the polygonal models were converted into
3D models formed by NURBS (Non Uniform Rational Basis Spline). In sequence, a cylinder was
created corresponding to the in vitro polyurethane cylinder (20 × 25 mm). Then, the implant was
centered perpendicularly to the cylinder, containing 3 mm of exposed threads similar to the in vitro
test. A Boolean difference was used to ensure the juxtaposition between these structures. The model
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finished as a volumetric solid containing an implant, Tibase, screw, and fixation cylinder was tripled to
obtain three models with identical geometries.

One specimen from each in vitro group was scanned and exported in STL format. The crowns’ 3D
models were submitted to the BioCad protocol [36] to perform a volumetric model whose geometry
corresponded exactly to the in vitro specimens. Then, this same procedure was repeated to create the
mesostructure 3D model. All cement layers were standardized with 80 μm.

For a static structural analysis, the models were checked and imported as a STEP file to the analysis
software (ANSYS 17.2, ANSYS Inc., Houston, TX, USA). The contacts were considered nonlinear,
containing 0.30 μ friction between the structures in titanium [36]. The number of tangent faces between
solids was equivalent to assist the analysis convergence. Through an automatic creation, an initial mesh
with tetrahedral elements was created; the absence of mesh defined as obsolete by the software was
verified prior to final mesh refinement (Figure 5). The 10% convergence test was used to determine the
mesh control to ensure the least possible influence on the results of the mathematical calculation [37–39].
Each piece of material information was inserted for each solid component in isotropic and homogeneous
behavior, requiring the modulus of elasticity and Poisson ratio (Table 1) [5,39–41]. During contour
definitions, the loading was performed in the occlusal region of the crown. The applied load was 300 N
(Figure 5a) on the Z-axis [23]. The fixation location was defined under the surface of the polyurethane
cylinder, simulating the sample holder in one plane (Figure 5b). A pre-tension was also applied with
30 N simulating the torque (Figure 5d) during the prosthetic screw tightening [42].

Table 1. Mechanical properties of the materials used in this study.

Material Elastic Modulus (GPa) Poisson Ratio Reference

Titanium 110 0.33 [39]
Polymer infiltrated ceramic 30 0.28 [5]

Polyurethane 3.6 0.3 [40]
Resin cement 18.3 0.3 [41]

Figure 5. (a) Occlusal loading; (b) Fixing the system; (c) Mesh generated; (d) Pre-tension of 30 N·cm.

The composite resin shrinkage for sealing the screw access hole in the MC group was simulated
simultaneously in the analysis using the thermal analogy [43]. The solutions were obtained in total
deformation, von-Misses stress, maximum principal stress, and microstrain, for each group. The results
were presented on an identical scale of values for visual comparison, as well as the absolute values
were plotted on graphs for quantitative analysis of the peaks.
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2.5. Data Analysis

Survival data were statistically analyzed by Kaplan–Meier and Mantel–Cox tests (Log-Rank and
Wilcoxon tests) [44]. Data distribution and reliability analysis were assessed by Weibull analysis
associated with two parameters: shape and scale showing the probability distribution of the material
to fail in a certain fatigue time using the statistical software (Minitab 16.1.0, State College, PA, USA),
with 95% confidence interval. The results obtained in the finite element analysis were exposed and
descriptively evaluated through color graphics corresponding to the stress concentration.

3. Results

3.1. Fatigue Test

Weibull analysis showed difference between the mean values of characteristic strength according
to the groups (Table 2). Weibull probability plots versus number of cycles reported at the sample failure
during the fatigue test are present in Figures 6 and 7. Log-Rank (p = 0.17) and Wilcoxon (p = 0.11)
revealed a similar survival probability between the manufacturing techniques at 300 N and 900 N,
according to the confidence interval. However, at 600 N, MP group showed higher survival probability
than the MC group, whereas the CME group showed an intermediate behavior (Table 2).

 

Figure 6. Weibull plot: survival probability versus load (N) reported on sample failure during the
fatigue test.

Table 2. Crowns survival in fatigue at different load missions.

Survival Probability (%) MP MC CME

300 N
Upper bound 88 87 85

Average 84 A 82 A 80 A

Lower bound 79 77 74

600 N
Upper bound 50 36 40

Average 44 A 30 B 33 AB

Lower bound 37 24 27

900 N
Upper bound 7 6 9

Average 5 A 1 A 6 A

Lower bound 2 0.5 3

Similar capital letters correspond to no statistical significance between groups in the same row, according to the
confidence interval.
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Figure 7. Survival plot using the Kaplan–Meier method.

Regardless of the similar survival and characteristic strength between CME and MP, MP showed
lower data variation, being the most reliable technique (Table 3).

Table 3. Weibull modulus (m), characteristic strength (σ), and confidence intervals. The statistical
differences were determined based on the confidence interval (CI).

Groups m (CI) σ (CI)

MP 8.5 (6.2–1.6) 973.4 (921.9–1027.7)
CME 4.4 (3.2–6.1) 912.8 (877.2–949.8)
MC 11.6 (8.1–16.4) 876.3 (789.1–973.1)

All groups showed cracks, wear facets, and bulk fractures. For the MP group, 15% of the samples
presented a bulk fracture in two or more pieces, and 85% of the samples showed chipping failure
in the crown emergence profile. For the MC group, 20% of the samples presented a bulk fracture in
two or more pieces, and 80% of the samples showed chipping failure in the crown emergence profile.
For CME, 20% of the samples showed factures only in the crown exposing the mesostructure, 10% of
the samples failed as a bulk fracture with the crack involving the crown and mesostructure, and 70% of
the samples failed in the emergence profile without involving the crown (Figure 8). For MC and MP,
the fractographic analysis showed that the failure was originated at the cervical area, propagating to
the top of the restoration, which was confirmed by the fracture features (Figures 9 and 10). For CME,
the specimens in which the fracture was restricted only in the crown, the fractures features suggested
the crack propagation direction from the marginal side with several secondary events in the occlusal
surface (Figures 11–13).
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Figure 8. Quantitative analysis of the failures in % regarding the groups and the fracture location.
In green, cracks found in the cervical region of the crown. In yellow, cracks found in the occlusal region.
In blue, catastrophic failure.

 

Figure 9. Fractographic analysis of a representative specimen from the MC group. The failure originated
in the cervical region and propagated (black arrows) to the top of the restoration without separation of
the fractured parts.

 

Figure 10. Fractographic analysis of a representative specimen from MP group. The failure originated
in the cervical region and propagated to the top of the restoration. The white arrows indicate the hackle
lines and the black arrows indicate the twist hackle marks.
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Figure 11. Fractographic analysis of a representative specimen from the CME group. The crown failed
without the mesostructure involvement. The white arrows indicate the arrest lines and the black arrows
indicate the hackle lines.

 

Figure 12. Fractographic analysis of a representative specimen from the CME group. The mesostructure
failed without the involvement of the crown. The black arrows indicate the hackle lines, the white
arrows indicate the arrest lines, and the red arrows indicate compression curls.
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Figure 13. Fractographic analysis of a representative specimen from the CME group. The failure
originated in the cervical region and propagated to the top of the restoration. The black arrows indicate
the hackle lines, the white arrows indicate the arrest lines, and the red arrows indicate compression curls.

3.2. Nonlinear Finite Element Analysis

Observing the von-Mises failure criterion (Figure 14), which demonstrates the total resulting stress
in the structures, it was possible to observe that the cervical region was the most involved regardless of
the restoration technique, with the composite resin sealing of the group MP presenting a new stress
area as well as the cement layer between the crown and mesostructure for the CME group.

In observing the tensile stress concentration in the crown, the numerical simulation showed a very
similar mechanical behavior between the tested groups (Figure 15), with the highest stress concentration
in the cervical region of the crown emergence profile. CME also presented stress concentration on the
crown intaglio surface, which is compatible with the failure mode of 20% of the samples during the
in vitro test (Figure 8). Furthermore, MP specimens showed high stress concentration in the composite
resin used to seal the screw access hole. The stress peaks (Figure 16) corroborate with the colorimetric
maps of the results (Figures 14 and 15), not allowing to assume a significant difference between the
groups (10%).
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Figure 14. Stress distribution assessed by the von-Mises criterion according to the design of the
restoration. (a) MC, (b) CME, and (c) MP.

Figure 15. Stress distribution assessed by the maximum principal stress criterion according to the
design of the restoration. (a) MC, (b) CME, and (c) MP.
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Figure 16. Stress peaks for each structure regarding the different groups. The restoration stress
was calculated using the maximum principal stress criterion and the metallic structures using
von-Mises criterion.

4. Discussion

This study evaluated the biomechanical behavior and survival probability of implant-supported
polymer-infiltrated ceramic (PIC) restorations manufactured using different techniques. The results
demonstrated that there is no difference between the groups for the stress distribution and that the
reliability was similar between the groups at 300 N and 900 N. Therefore, we partially accept the
null hypothesis.

The survival probability of restorations using Tibase as a connection between the implant and the
crown is still scarce in the scientific literature [28,45,46]. The indication of this technique depends on the
use of CAD/CAM blocks for implant solution that present a connective hole (screw access hole) created
by the manufacturer [25,28]. According to the ceramic block size, it is possible to perform a two-piece
restoration containing the mesostructure and the crown or a one-piece restoration [15,20,21,26–28,46].
These two restorative techniques were simulated in the present study, respectively, for the CME and
MP groups.

The use of mesostructure to build the hybrid abutment to replace the conventional titanium
abutments has already been reported [21,26,45]. Up to date, in vitro [26,47,48] and in vivo [49] studies
and case reports [50,51] reported the use of lithium disilicate or polycrystalline ceramics to manufacture
the mesostructure. Meanwhile, one case report [15] and in silico investigations [22–25] showed the
possibility to manufacture the hybrid abutment using PIC material cemented on a Tibase, as performed
in this study. Other authors [15] clinically evaluated the CME and MP groups using PIC. The authors
suggested that the MP design has a disadvantage in aesthetics compared to the CME due to the presence
of the screw access hole filled with composite resin. A literature review [28] suggested the possibility
of using PIC to perform a mesostructure; however, the authors affirmed that the lack of longitudinal
data does not allow its indication as the material first choice. Based on this, the present study results
should assist the clinicians with understanding the biomechanical behavior of this treatment modality.
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Comparing the restorative modalities evaluated in the present study, it was possible to observe
that there is no difference between CME and MP, which are restorations created using implant solution
CAD/CAM blocks and a Tibase. Both designs have already been compared for restorations made
with different ceramic material [45]. The authors evaluated 10 anterior lithium disilicate restorations
performed for each group and fatigued at 20 Hz until fracture [45], and they found that the MP design
was statistically superior. In the present study, 20 restorations were manufactured for each group,
the fatigue was adjusted to a maximum of 1.4 Hz, and the survival of MP and CME were not statistically
different when PIC is the restorative material. In addition, this study used a posterior total crown
with axial loads in order to restrict the failures only in the ceramic material, which was the object of
the study.

The literature is not concise regarding the best protocol to use the Tibase. For example,
another study [21] compared lithium disilicate anterior crowns using CME and MP techniques.
However, the authors only performed the load to fracture using an universal testing machine with
n = 8 specimens per group. The authors did not find any statistical difference between both designs,
corroborating the findings for survival in the present study. Other study evaluated the load to failure of
lithium disilicate and zirconia CME versus lithium disilicate MP crowns after aging [27]. Ten specimens
per design were submitted to 2000 thermocycles (5–55 ◦C, water) and mechanical fatigue (150 N, 2 Hz,
100,000 cycles) aging. The authors observed that the lithium disilicate MP presented higher fracture
load than a lithium silicate crown cemented on a mesostructure also in lithium silicate or in zirconia.

Still comparing different designs for using a Tibase, previous research [26] compared CME versus
MP made in zirconia and lithium disilicate with n = 8/gr. The authors simulated premolars fatigued
with 1.2 million thermomechanical cycles associated with 120 N load. After aging, the crowns were
tested under an SLF test. Besides the cracks in the ceramic crown, the authors found plastic deformation
on the Tibase, screw, and implant. This occurred as a consequence of the static load during compression
test, which did not allow the slow crack growth in the ceramic material; this is the mechanism of failure
for dental ceramics. For example, if the subject of the study is the ceramic design, it should be ideal that
the test could provide the predominance of failures in this region, i.e., it will be possible to understand
the restoration weakness and to promote new restorative designs. For this reason, the present study
performed the stepwise test to determine at which load step the material has the highest probability
of failure.

According to the literature [52], the screw access hole for retrieving ceramic implant-supported
screw-retained crowns may decrease their fracture resistance. To prove this statement, the authors
tested ceramic crowns in six different groups: monolithic zirconia, veneered zirconia, and lithium
disilicate with and without screw access holes. The authors did not use a Tibase; instead, they used
a custom abutment and the screw access hole was performed during the crown manufacturing,
unlike implant-solution CAD/CAM blocks that already present the perforation. The results of the
present study do not agree with these authors [52], because analyzing a ceramic restoration on fatigue,
the screw access hole sealed with composite resin does not increase the generated stresses in the
cervical region or decrease the restoration characteristic strength. Supporting the results found in the
present study, previous authors [20,21,45] reported that groups with screw access holes showed similar
load to failure to the groups without access holes. In addition, the authors suggested that perforated
crowns may be even more resilient than groups without the access hole. The present study did not find
any influence of the access hole on the strength characteristic; however, MP showed higher reliability
than MC, corroborating with Roberts and Bailey (2018) [27].

According to a literature review [46] describing the possibilities and limitations of metal-free
implant-supported single-tooth restorations, the authors described that one of the main advantages in
using a Tibase in a digital workflow is the possibility of performing an adequate emergence profile in the
crown. The emergence profile of an implant-supported prosthesis plays an important role in achieving
esthetics, which are obtained when the clinician uses a properly concave abutment to mold the soft
tissues for an adequate esthetic profile [53]. When improperly designed, the abutment emergence
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profile will compromise the cervical area blood supply, ultimately resulting in a loss of health and
volume of the peri-implant tissues. For that reason, the emergence profile in an implant-supported
restoration should be narrow to allow a higher volume of soft tissue [54]. Up to date, there has not
been any in vitro study that created a restoration design that presents a concave emergence profile
in the cervical area during the hybrid abutment testing [20,21,26,45]. During the present experiment,
the 3D designs were created with this concern to simulate the most realistic shape of a restoration
surrounded by a well-prepared soft tissue.

Observing the stresses analysis with the finite element method, it is possible to observe that
the region of the emergence profile is the area of highest stress concentration in the restoration.
This occurred probably due to the increase in the peri-implant soft tissue volume that requires the
reduction on the restorative material in that region [15,53,54]. Therefore, the cervical area is the critical
area of this restorative modality, since it is located near the fulcrum point of the crown and also
because it has the smallest ceramic volume. The finite element method to observe the mechanical
behavior of implant-supported single crowns associated with hybrid abutments has previously been
reported for studies that compared different combinations of ceramic materials [22–24]. Therefore,
it has been reported that to reduce the stress in the cervical region of the emergence profile, a flexible
material should be used [22]. It is also recommended to use PIC to decrease the stress generated
on the crown intaglio surface for CME design [24]. However, the present study demonstrated that
MP restorations using only one CAD/CAM block for restoration are very similar to CME groups for
the stress concentration in the cervical region. Moreover, the previous studies that simulated this
restoration design [22–24] were not accompanied by in vitro experiments such as the present study,
demonstrating that in fact, the region of stress concentration coincides with the possible failure origin
observed in the fractographic analysis. At the occlusal region, the stress difference was caused by the
composite polymerization shrinkage between the groups. Despite this, in the in vitro test, the survival
was similar between the groups, and the failures were located at the cervical area.

The fractographic analysis followed the recommendations of the ADM (Academy of Dental
Materials) guidance [55]. Thus, in a systematic protocol, all fractured restorations were observed under
stereomicroscope to identify fracture features that could indicate the crack direction propagation. In this
sense, the main failure mode observed was the crack/fracture of the cervical region in the emergence
profile, while a smaller percentage of samples failed radially by splitting the crown into two or more
pieces. However, for the CME group, different failure modes were also observed due to the presence
of a second cement layer (between the mesostructure and the crown). In this group, in addition to
failures in the cervical region, some specimens presented only crown fractures without mesostructure
involvement. Some specimens presented mesostructure fracture without crown involvement, and two
samples allowed the crack to propagate and separate the crown and mesostructure as a monolithic
block. These failure modes in CME design have also been observed by previous studies that analyzed
these restoration designs with other materials [26,27]. A fractographic analysis performed on failed
zirconia mesostructure with Tibase during clinical use showed the same fracture pattern with the
direction of crack propagation from the cervical area to occlusal [29], suggesting that the methods of
the present study could provide failure modes similar to those found clinically.

In observing SEM micrographies, it was possible to note that all failures originated from the crown
cervical region and spread toward the occlusal region. Secondary effects (damages) in the occlusal third
near the compression region were also observed; however, they did not show fracture features that could
suggest that the failure could have been originated in this region. It is important that the fractographic
analysis is performed dividing each region of interest of the fractured restoration, analyzing each one
in higher magnifications. This methodology is widely used to evaluate fractured dental crowns [56],
disk-shaped specimens [55], and even for implant-supported crowns with Tibase [29] to assist in
understanding how the failure occurred.

The higher variability of the failure modes observed for CME was reflected in the larger data
variability in the Weibull test, increasing the slope of the data distribution line and the Weibull modulus.
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Therefore, due to the possible different failure modes in this group, it has lower reliability, and therefore
its clinical behavior is less predictable. However, its characteristic strength is not inferior to that of the
MP and MC groups, which does not contraindicate this design as an option. The Weibull test approach
has already been used for studies with dental ceramics [34] and dental implants [16], and it has been
used as a statistic method to understand the relationship of data variation and final strength during
fatigue [57].

Considering the reliability of the restoration itself, the lowest characteristic strength calculated was
789 N, which is about 34% less than the maximum fracture load initially calculated to determine the load
variation in the fatigue test. This only reinforces that the slow crack growth during fatigue decreases
the ultimate strength of ceramic restorations and should be taken into consideration during the
experimental design of the test [16,31]. The Kaplan–Meier curve showed that the survival probability
of the restorations decreases as the load increases, being less than 6% at 900 N, regardless of the design.

For this paper, the MC group simulated the use of a monolithic non-perforated crown as if the
Tibase was a conventional abutment for cemented crowns. Although this design survived as well
as the CME group and presented an adequate stress concentration, this design does not follow the
manufacturer’s recommendation [15]. The Tibase is not indicated as a conventional abutment because
of the height of the platform, which cannot allow the complete removal of the resin cement from
the cervical area in oral medium [15]. This group was created to elucidate whether the difference
between the CME and MP groups would be due to the screw access hole of MP group or, due to
the second cement layer on the CME design. No difference was calculated between these groups,
suggesting that according to the manufacturer’s recommendation, both techniques can create crowns
of equal geometry, and the same clinical indication is correct. It is noteworthy that there was no loss
of the composite resin used to seal the screw access of the MP group, which is not uncommon to
be observed clinically for metal–ceramic crowns. Further studies evaluating the interface and bond
strength between implant solutions CAD/CAM blocks and composite resin should be performed.

5. Conclusions

Using a digital workflow, the survival of an implant-supported restoration with PIC does not
depend on the technique used to make it. The stress concentrations associated with fractographic
analysis suggest that the emergence profile of the restoration should always be evaluated due to the
high prevalence of failures in this area.
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