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Abstract

Dental implant surface modifications affect surface roughness, chemistry, topography,
and consequently influence biological bone response. Current surface treatments are
directed toward increased hydrophilicity and wettability of dental surfaces that allow
earlier implant loading due to accelerated osseointegration. This is clinically reflected in
increased implant stability and mainteined crestal bone level. Further modification
includes microgrooving of zirconia implants by femtosecond laser ablation. Favorable
initial results encourage further clinical assessment of this microgrooved zirconia
implants.

Keywords: Dental implant surface, Femtosecond laser, Hydrophilicity, Titanium, Zir-
conia

1. Introduction

Dental implant surfaces can be modified using several additive and subtractive techniques.
Additive techniques involve impregnation and coating. In contrast to impregnation, when
chemical agent is integrated into the core material (e.g., fluoride ions incorporated to titanium
surface or calcium phosphate crystals within TiO, layer), the coating is addition of an agent of
various thicknesses superficially on the surface of core material [1].

The subtractive techniques imply removal of the layer of core material or plastic deformation
of the superficial surface. This is achieved through mechanical or chemical treatments.
Mechanical methods used for surface alteration are grinding, blasting, and machining. Sand,
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hydroxyapatite, TiO,, and Al,O; particles are usually used for grit blasting. Grit blasting is
always followed by an acid etching to remove the residual blasting particles as well as to
smooth out sharp peaks and to provide roughness that would promote protein adhesion
during early healing [1, 2]. Acid etching is a chemical method of surface modification that
usually implies hydrofluoric, nitric, or sulfuric acid or their combinations [3].

Current modification of dental implant surfaces is based on the use of lasers. Their main
applications are laser-assisted coatings and laser texturing. Laser pulses are used to evaporate
the target materials which later condense on the substrate forming a thin coating. Their further
role is in dental implant surface texturing in order to form three-dimensional structures on
micrometer or submicrometer scales. Several laser sources such as Nd:YAG, CO,, Excimer,
and diode lasers have been examinated for surface modifications [4].

Lasers are particularly useful for dental implants with complex surface geometry or for those
made of material difficult to be removed. Dental implant surface modification by laser is a
noncontact, clean and fast process with high precision [4]. Lasers overcome drawbacks of
conventional mechanical and chemical surface modification techniques such as unreliable
control of achieved roughness or inability of surface texturing. However, laser processing
might be associated with microcracks and heat-affected zones [4, 5].

1.1. Surface topography

Scientific evidence from in vitro studies indicates that micro-topography of dental implant
surfaces affects cellular behavior, mainly, proliferation, cell differentiation, and cell adhesion
as well as the production of growth factors [6]. Microgrooves at implant surfaces direct cell
spreading and cell alignment and define the orientation of ECM proteins. This directional
movement of bone cells known as “contact guidance” contributes to bone-implant interlock-
ing and thus provides favorable conditions for further healing events [7]. Microtextured sur-
faces suppress fibroblast spreading and growth preventing fibrous encapsulation of dental
implants. Important parameters of surface roughness are average height deviation (Sa) and
developed surface area ratio (Sdr) that indicates surface enlargement if a surface is flattened
out. According to Sa values determined by optical interferometry, implant surfaces are con-
sidered as smooth with an Sa value of 0.5 um; minimally rough surfaces with an Sa of 0.5-1
um, moderately rough surfaces with Sa 1-2 um, and rough surfaces with an Sa of 42 pm.
Moderately rough surfaces with Sa 1.5 um and Sdr of 50% promote the strongest bone re-
sponse [2]. To mimick the architecture of natural bone that consists of nanosized hydroxia-
patit and organic protein collagen, dental implant surfaces with nano-features have been
introduced. Although initial data are promising, the effect of surface nanoroughness on bio-
logical response is still uncertain [3].

Surface topography is usually examined by scanning electron microscopy (SEM), light
interferometry (LIF), and atomic force microscopy (AFM), whereas X-ray photoelectron
spectroscopy (XPS), Auger electron spectroscopy (AES) and energy dispersive X-ray spectro-
scopy (EDX) provide information related to surface chemical composition [3, 8].
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SEM is the gold standard for characterization of dental implant topography at the micrometer
level. For the characterization of nanotopography of dental implant surfaces, field emission-
SEM with higher resolution is required [3].

LIF is an efficient optical tool for quantitative analysis of implant surfaces. This technique uses
reflecting light as an optical stylus allowing easy access to even unapproachable parts of the
implant flunks. Despite its high resolution in height direction, LIF is suitable for characteriza-
tion of dental implant surfaces at a micrometer scale, because of limited spatial resolution [8].

AFM can be used to assess dental implant surface topography at nano-level. An atomic force
microscope consists of a tip mounted on a cantilever. When tip scans a dental surface,
interatomic forces between the tip and the sample surface displace the tip which results in the
cantilever bending. Consequently, specialized software produces topographical image of the
surface with atomic resolution based on data from detector regarding the laser beam reflected
from the cantiliver. This tool has resolution at molecular level, but its usage is unreliable for
certain level of surface roughness because their microtopography significantly interferes with
the vertical piezoelectric AFM scanning probe [3, 8].

XPS also known as electron spectroscopy for chemical analysis (ESCA) determines what
elements (except hydrogen and helium) and in which chemical state and quantity are present
within the top 1-12 nm of the implant surface. This tool also provides information related to
possible contamination on the surface or in the bulk of the sample as well as those related to
the presence and thickness of layers of different materials within the top 12 nm of the implant
surface. XPS spectra are obtained by irradiating a dental implant surface with a beam of X-
rays and measuring the kinetic energy and number of electrons emitted from the top of the
surface [3, 8].

AES provides quantitative elemental and chemical state analysis of dental implant surfaces
with lateral spatial resolution of only 8 nm. Approximate depth resolution of AES is 5 nm.
However, ion-sputtering used with Auger spectroscopy allows depth chemical profiling up
to 100 nm, which is suitable for the characterization of coatings on implant surfaces or
impregnation within a TiO, layer [3]. For the AES analysis, implant surface is excited with a
finely focused electron beam while an electron energy analyzer measures the energy of Auger
electrons emitted from the surface. Based on the kinetic energy and intensity of an Auger peak,
elements from the implant surfaces are identified.

EDX s used for the elemental analysis or chemical characterization of a dental implant surface.
It is based on the unique set of peaks on X-ray emission spectrum of each element. Coupled
to SEM, EDX determine the elemental composition of structures observed with SEM down to
the nanoscale [3].

1.2. Surface wettability

Important characteristic of dental implant surfaces is surface energy that dertermines wetta-
bility of surfaces. It is measured by liquid—solid contact angle (CA) which is an angle between
the tangent line to a liquid drop’s surface at the three-phase boundary, and the horizontal
solid’s surface [9]. There are two methods commonly used to assess CA of dental implant
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surfaces: the sessile drop technique where CA of the droplet deposited by a syringe onto the
sample surface is measured directly by goniometer or image analysis software and the second,
tensiometry (Wilhelmy method) that indirectly measure CA according to the force exerted on
the sample surface by the liquid, while sample surface attached to a force meter is vertically
dipped into a pool of the probe liquid [10].

The CA ranges from 0° to 180° where CA lower than 90° designate surfaces as hydrophilic and
CA very close to 0° as superhydrophilic. Dental implant surfaces with CA above 90° are
considered hydrophobic, and those with CA above 150° are superhydrophobic [9]. Currently
available dental implants are mainly hydrophobic[11]. Although optimal degree of wettability
is not known, there is abundant scientific evidence that hydrophilic surfaces enhances early
stages of osseointegration compared to hydrophobic ones [12-14].

Hydrophilicity of dental implant surfaces determines adhesion of proteins on the surface of
placed implant, interaction of hard and soft tissue cells with implant surface, and consequently
the rate of osseointegration [9]. Hydrophilic surfaces promotes superior adsorption and
functional orientation of proteins from blood and interstitial fluids. Composition of the
proteins adhered to the implant surface affects cell adhesion, morphology, and migration [15].
Hydrophilic dental implants favor osteoblastic differentiation of mesenchymal stem cells [16],
enhance osteoblast maturation [17], produce an anti-inflammatory microenvironment [18],
and increase the quantity and quality of mineralization [19]. These molecular and cellular
events provide accelerated osseointegration of hydrophilic dental implants in contrast to
hydrophobic which has been verified histomorphometricaly as increased bone-to-implant-
contact (BIC) at very early point in healing [12-14].

Advantages of hydrophilic surfaces recognized in in vitro and in vivo studies on dental
osseointegration have directed contemporary modifications of dental implant surfaces toward
to greater hydrophilicity. Today, several methods of hydrophilizing dental implant surfaces
are available including radio frequency glow discharge treatment, atmospheric pressure
plasma, surface coating with crystalline TiO,, and irradiation by UV-A as well as Ti surface
with native oxide hydrophilized using higher energy UV-C rays [9]. Also, changes in dental
implant surface roughness and chemistry affect hydrophilicity, which complicates the analysis
of the independent effect of each of these surface characteristics on clinical behavior of available
dental implants.

1.3. Clinical outcome of dental implant surfaces

Osseointegration of dental implants is clinically reflected in implant stability. Primary implant
stability is a mechanical issue determined by bone quantity and quality, surgical technique,
and implant macro-design, whereas secondary implant stability as a biological phenomenon
indicates bone apposition and remodeling processes and it is influenced by conditions of
implant surface [20, 21]. Contemporary implant surfaces accelerate osseointegration and
provide conditions for early or even immediate implant loading if sufficient implant stability
is achieved. Therefore, non-invasive, objective and quantitative tool for the assessment and
monitoring of implant stability in clinical conditions is of great importance.
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Resonance frequency analysis (RFA) is a wireless system for the measurement of implant
stability that includes a metal rod (a peg) screwed into the implant body and stimulated by
magnetic pulses from a handheld computer. The result of a measurement is expressed as the
implant stability quotient (ISQ) ranging from 1 (lowest stability) to 100 (highest stability)
(Figure 1). ISQ values higher than 47 indicate stable implant [22]. The recommendations for
immediate and early loading of single-implant crowns are ISQ 60-65 [23]. Implants with high
ISQ values during the follow-up are successfully osseointegrated, whilst low and decreasing
ISQ values may be a warning sign of ongoing implant failure [20, 21].

Figure 1. Resonance frequency analysis measurement using Ostell Mentor® device.

RFA is not suitable for the measurement of stability of one-piece dental implants and in such
indication the use of the Periotest is recommended. The Periotest produces percussion of the
implant and provides a stability number ranging from -8 to + 50, with the lower the Periotest
value (PTV), the higher the stability (Figure 2) [24]. In the literature, different ranges of PTVs

Figure 2. Measurement of implant stability of one-piece dental implants using Periotest.
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for successfully osseointegrated dental implants have been reported (-9 to +9; -5 to +5; =7 to
0; —4 to —2; —4 to +2) [24-27].

Another important clinical parameter that reflects condition at implant-bone interface is
change in crestal bone level. It is recommended to follow this parameter on retroalveolar
radiographs obtained via long cone technique. This technique uses film holder that allows
repeatability of tube orientation (Figure 3). Image analysis software is used for precise
measurement of digitized radiographs following their calibration (Figure 4). Implant is
considered successful with an crestal bone loss of 1.5 mm following 1 year of loading and
subsequent loss of 0.2 per year [28].

Figure 3. Obtaining radiographs using long cone technique. A plastic ring, connected to the film holder provided con-
trol of tube orientation.

T e

Figure 4. Image analysis software for crestal bone loss measurement.

2. Role of SLActive surface in dental implant treatment

SLActive dental implant surface (Institute Sraumann® AG, Basel, CH) is a hydrophilic with a
sandblasted and acid-etched topography and was created as an aspiration to combine the
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advantages of surface roughness and hydrophilicity on implant osseointegration [14, 29]. This
new surface is produced from the same cpTi alloy and subjected to the same roughening
treatment with large grit size (250-500 pm) corundum sandblasting plus acid etching (H,SO,/
HCI) as its predecessor SLA surface [30]. The only difference from its unmodified counterpart
is that following acid-etching hydrophilic SLActive implant is rinsed under nitrogen protec-
tion and then stored in a sealed glass tube containing isotonic NaCl solution [29]. Such chemical
modification provides hydrophilization of surface that is initially hydrophobic due to the
microroughness, causing the air to be entrapped in the micropores, thus aggravating surface
wetting [29]. Storage in NaCl solution allows prewetting of micropores and consequently faster
wetting of implant surface [30]. CA of 0° designates SLActive dental implant surface as
superhydrophilic in contrast to hydrophobic SLA surface with CA of 139.9° [9, 29, 30]. Another
reason for reduced hydrophilicity of Ti implants is contamination due to air exposure [29].
However, cleaning under nitrogen protection and storage in NaCl solution prevents the
adsorption of potential contaminants from the atmosphere onto the SLActive surface which is
proven by the decreased carbon concentration [29, 30]. SLActive surface keeps hydrophilicity
even after any drying which is important from a clinical point [29].

Another possible reason for improved biological response to SLActive surface compared with
its unmodified counterpart SLA is the difference in microtopography and nanoroughness [31].
Although both surfaces have similar Sa value (1.78 and 1.75 um for the SLA and SLActive,
respectively), the SLActive surface has Sdr of 143% that is greater than Sdr of 97% for SLA.
This difference indicates that SLActive has a much greater number of peaks/valleys across the
surface compared with SLA [31, 32]. SLActive surface also exhibits nano-features with Sa value
of 97 nm at the nanometer resolution level [31].

Biological effect of aforementioned improvements of SLActive implant surface comprises of
enhanced osteoblastic differentiation [33, 34], improved angiogenesis [35] and reduced local
inflammation and its associated osteoclastogenesis [36]. These cellular events provides
stronger bone formation around SLActive implants compared with SLA during the early
healing phase, particularly between the second and fourth weeks, while the difference
disappears after the first 6 weeks [37]. Such features of SLActive implant surface indicate its
possible clinical relevance in cases when faster implant loading is needed or when enhanced
bone formation is desirable as in osteoporotic or irradiated bone and in diabetic patients.

Contemporary improvement of dental implant surfaces has allowed shift from a conventional
loading protocol providing 3—-6 months of undisturbed healing toward immediate (within 1
week) or early loading (between 1 week and 2 months) in selected patients when sufficient
primary implant stability could be achieved [38, 39]. Clinical and radiographic outcomes of
SLA and SLActive dental implants submitted to immediate or early occlusal loading is
comparable to those of implants submitted to conventional loading protocols (3—6 months)
[40]. SLActive implants loaded at 3 weeks after placement have survival rate of 95-98%
following 1-3 years after placement [41, 42]. Hydrophilic and nanostructured SLActive
implants are safe and predictable for immediate and early loading even in poor-quality bone
[43, 44]. Early loaded SLA and SLActive implants achieves similar short- and long-term
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survival rates, although SLActive implants have better stability and a reduced marginal bone
loss at the loading stage [40, 45].

As much as 97.3% of SLActive implants placed in low-density bone achieves implant stability
of at least 60-65 ISQ required for immediate or early implant loading (Figure 5) [23, 46]. The
stability dip in the second postoperative week indicates that afterward, formative processes
predominated over the resorptive one within bone remodeling. This result suggests that
nanostructured and hydrophilic SLActive implant surface promotes enhanced bone formation
during the early stage of osseointegration. It is important that even in this critical time point
stability values did not fall below the threshold for early loading. Afterward, implant stability
steadily increases over time.
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Figure 5. Stability of SLActive dental implants placed into low-density bone. Line represents mean, error bars repre-
sent 95% CI of mean. Asterisks indicate a statistically significant difference between two-consecutive weeks, whereas
crosses indicate a statistically significant difference to baseline (implant placement) [46].

SLActive dental implants placed in low-density bone and early loaded (at week 6) are
associated with mean bone loss of 0.4 1 + 0.1 mm after 1 year that is in accordance with the
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acceptable 1 mm bone loss during the first year (Figure 6) [46]. These data suggest that SLActive
dental implants predictably achieve and maintain successful tissue integration in low-density
bone after undergoing an early loading protocol.
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Figure 6. Frequency analysis of peri-implant bone level around early loaded SLActive dental implants in low-density
bone.

Placement of implants into posterior maxillary region is often compromised by the bone
resorption pattern, and pneumatization of the maxillary sinus beside the low-density bone
present at thisjaw region. Therefore, in such cases, sinus elevation is necessary to accommodate
implants of sufficient length. Residual bone height determines surgical technique for sinus lift
as well as whether implants can be placed simultaneously with sinus lift procedure or in the
second stage [47]. When limited elevation of the sinus mucosa is required, this can be achieved
through an implant bed using osteotomes, a technique known as osteotome sinus floor
elevation and implant can be placed simultaneously [48]. The healing time prior to loading of
implants inserted following sinus floor elevation is usually longer than the loading time
required for implants inserted in bone of sufficient quantity [49]. Reduction of the healing time
in atrophic posterior maxilla with low-density bone is particularly challenging due to reduced
bone to implant contact and doubtful implant stability.

Around 95% of SLActive implants placed in the posterior maxilla via the osteotome sinus floor
elevation technique without grafting achieves stability sufficient for early loading, in the sixth
week of healing (Table 1). Favorable mid-term success rate indicates that implants with a
sandblasted large-grit acid-etched active surface, when placed with the osteotome sinus floor
elevation technique, can be subjected to an early loading protocol, providing their stability is
confirmed by RFA [50].
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ISQ Time

Placement 1 week 2 weeks 3 weeks 4 weeks 5 weeks 6 weeks
Minimum 47 48 52 57 60 63 64
Maximum 75 74 75 75 77 77 78

Mean+SD  59.55+7.06 61.12+6.34 6223+553 63.75+456 65.88+3.64 66.80+3.03 67.75+3.06

Table 1. Stability of SLActive implants placed via OSFE.

Density of bone at implant site affects implant stability. SLActive implants placed in the region
of the second and the first premolar have comparable stability but their stability is significantly
higher than implants inserted in the region of the first molar (Figure 7). Implant stability
positively correlates with residual bone height (Figure 8) [50].
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Figure 7. Stability of SLActive implants placed via OSFE regarding the jaw region.
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Figure 8. Comparison of implant stability with initial residual bone height.
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Grafting material is not a prerequisite for the osseointegration of dental implants with
hydrophilic and nanostructured SLActive surface placed via OSFE procedure. The usage of
grafting material offers no significant advantage to stability or clinical success of dental
implants placed simultaneously with OSFE (Figure 9) [51].
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Figure 9. Stability of SLActive implants placed via OSFE regarding the usage of grafting material.

In atrophic maxillary ridges which require substantial raise of the sinus membrane implant
placement using lateral sinus lift is mandatory. Eighty-three percent of SLActive implants
placed simultaneously with lateral sinus lift and a mixture of autogenous bone chips and
deproteinized bovine bone mineral reach the threshold stability after 8 weeks of healing,
allowing an early loading protocol. This treatment protocol is associated with low early failure
rate of 0.9% [52].

Another challenging indication that requires stronger bone response is implant placement into
irradiated jaw. Radiation therapy causes endarteritis leading to hypoxia, hypovascularity, and
hypocellularity that mightjeopardize dental implant osseointegration [53]. Long-term survival
rate of implants placed in irradiated jaws is 69-78%, and it is influenced by the jaw region,
irradited dose, and surface roughness [54-56]. Roughened dental implants have 2.9 times
reduced risk for failure in irradiated jaws compared with turned implants [54]. Sandblasted
acid-etched implants with or without a chemically modified surface can be used in irradiated
patients with a high predictability of success. The overall cumulative 5-year survival rates of
SLA and SLActive implants in irradiated jaws are similar and the crestal bone level around
both implant surfaces remains stable at least 5 years after placement. Hydrophilic surface
might affect only early survival of dental implant placed in irradiated bone [57].
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Microangiopathies and hyperglycemia associated with diabetes mellitus impaires bone
regeneration and might affect early implant failure rates in such patients. Diabetic patients
with glycated hemoglobin above 8.0% have delayed implant osseointegration and require a
longer healing time [58, 59]. Despite the promising result of animal research that SLActive
surface provides accelerated osseointegration of dental implants and better prognosis for
implant treatment in diabetic patients, clinical assessment revealed similar outcomes for
SLActive and SLA surfaces [60, 61].

3. Role of laser microgrooved zirconia surface in dental implant treatment

Although titanium can still be considered the reference standard material for dental implants
with a few limitations such as rare allergy to metals or gingival retraction or translucidity in
thin gingival biotypes and subsequent unsatisfactory esthetic [62, 63]. The development of
high mechanical strength ceramics has made them a viable alternative [64]. Yttrium-partially
stabilized tetragonal zirconia (Y-TZP) offers several advantages due to its flexural strength
and high resistance to fracture, favorable esthetics as well as excellent osseointegration
observed in animal studies [65, 66].

However, roughening the surface of the zirconia implant is a challenge mainly due to its
resistance to chemical or physical modifications. Several approaches have been proposed as
follows: chemical and pharmacological surface modification, sand-blasting and acid etching,
the use of nanotechnology, or biomimetic coatings, and addition of micro-and macro-reten-
tions [67-69]. These modifications result in various degrees of surface roughness and content
of contaminants.

The zirconia dental implants available on the market are sandblasted. Recently, technique for
microstructuring cylindrical zirconia implants by femtosecond laser ablation has been
introduced. In addition to sandblasting, surface is modified using femtosecond laser ablation,
which creates an isotropic pattern of microgrooves on the implant surface [5]. This technique
is fast, provides precise control of texture allowing production of textures with complex shape,
and as a non-contact procedure, it does not cause contamination [5].

Cells modify their morphology, adhesion, and cytoskeletal organization according to the
substrate topography [70]. On flat zirconia dental implant surface, osteoblasts are disorganized
and loosely attached with few lamellipodia mainly directed toward the cracks or other
topographical accidents (Figure 10a—c). Creation of microgrooves of 30 um width and 70 pm
separation on zirconia dental implant surface induces favorable cell morphology, increases
cell density, and enhances cell activity [71]. Osteoblasts align along the axis of microgrooves
with lamellipodia directed toward the inner surface and connected to the base and walls of
the microgrooves (Figure 10d-f). Filopodia extensions retained in the nanometric structures
of the microgroove walls cell further improve adhesion of osteoblasts to modified zirconia
surface and increase cell density (Figure 11a-d). Osteoblasts adhesion occurs first in micro-
grooves and later on the flat area of zirconia surface (Figure 12a—f). Further, activity of the
osteoblasts is tripled by adding the microgrooves to zirconia surface [71]. Microgrooves on
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zirconia implants host bioactive molecules and enhance the initial stages of bone formation

[72].

Favorable cellular events directed by microgrooved zirconia implant surface are provided

by increased roughness and enhanced chemical composition of the sandblasted zirconia sur-

face following its laser modification. This surface treatment increases proportions of zirconi-

um and oxygen, whereas decreases content of carbon and aluminum allowing high

osteoblastic activity on sandblasted, laser micro-grooved zirconia [71]. This modified zirco-

nia surface exhibit higher values of roughness parameters and reduced the presence of con-

taminants not only in comparison with its predecessor, nongrooved sandblasted zirconia,

but also to sandblasted, hightemperature-etched titanium implants (Tables 2 and 3) [73].

Roughness parameters Surface
Sandblasted Sandblasted Sandblasted Sandblasted,
zirconia zirconia with zirconia all high temperature
microgrooved microgrooved etched titanium
neck
R,(um) 1.28+0.2 2.43 +0.6* 9.50 + 0.25% 1.78+0.6
R,(um) 1.82+0.51 3.48 +0.30* 11.51 +0.31* 2.02 +0.43
R,(um) 11.4+0.6 40.42 +0.25% 40.74 +0.28* 15.8+0.5
R(um) 18.46 +0.82 52.68 + 0.9* 60.36 + 0.22* 23.63 +0.32
Surface roughness parameters (R, R, R,, R;) expressed as (X +SD) (*p < 0.05).
Table 2. Topographic characteristics of implant surfaces.
EDX surface analysis Surfaces
Sandblasted Sandblasted Sandblasted Sandblasted,
zirconia zirconia with zirconia all high temperature
microgrooved microgrooved etched titanium
neck
C% 19.7 £ 0.8% 1.6 £ 0.35%* 0.3+0.12%* 23+1.7%
Al % 4.3+0.9% 1.16 £ 0.2%* 0.18 £0.1%* 1.7 £0.3%
O % 12.6 £0.5% 22.7 +0.2%* 23.1+0.12%* 15+0.6%
Zr % 60.2 +0.7% 73.7% £ 0.15%* 76.3 £0.2%* 0%
Ti % 0% 0% 0% 81+1.3%

Expressed in percentages as X = SD (*p < 0.05).

Table 3. Elements present in surface chemical composition.
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The addition of microgrooves in the 2-mm wide neck area of the implant increases surface
roughness by 6.5 times and almost 12 times in the zirconia implants processed over the en-
tire intraosseous surface. Microgrooves provide more retentive areas and greater bone-to-
implant contact resulting in higher stability of this implants proven by the increase in
insertion and removal torque and decrease of PTV values (Tables 4-6) [73].

Surface IT(Ncm)
x SD SE Median

Sandblasted, high temperature etched titanium 5710 1.80 0.51 55.76
Sandblasted zirconia 46.08 0.70 0.20 44.87
Sandblasted zirconia with microgrooved neck 5320 1.30 0.37 50.98
Sandblasted zirconia all microgrooved 69.60 120 034 67.82
Table 4. Insertion Torque values (IT) recorded at implant placement.
Surface RT (Ncm)

Month 1 Month 2 Month 3
Sandblasted zirconia 64.08 £ 0.42 (64.07) 78.24+0.35(78.38)  199.19 +0.99 (199.47)

Sandblasted zirconia with microgrooved neck 69.19 +£0.37 (69.17) 88.82 +0.41 (88.86)  215.13 +£0.99 (215.06)

Sandblasted zirconia all microgrooved 84.95 +0.25 (85.03) 126.96 + 0.81 (126.65) 240.15 + 1.04 (239.90)

Sandblasted, high temperature etched titanium 71.25+0.43 (71.28) 99.85+0.44 (99.98)  226.98 + 1.06 (226.72)

Table 5. Removal torque test (RT) performed at three evaluation time points.

Surface PTV

Month 1

Month 2

Month 3

Sandblasted zirconia
Sandblasted zirconia with microgrooved neck
Sandblasted zirconia all microgrooved

Sandblasted, high temperature etched titanium

-1.520.01 (-1.52)
-1.85+0.02 (-1.85)
-2.49+0.02 (-2.5)

2.11 + 0.35 (-2.00)

-2.170.01 (-2.17)
-2.42 +0.01 (-2.42)
-4.16+0.01 (-4.16)

-2.70 +0.01 (-2.70)

-2.41+0.02 (-2.41)
-3.11+0.01 (-3.11)
-5.69 £ 0.03 (-5.7)

-3.59 % 0.05 (~3.60)

Values expressed as +SD (median).

Table 6. Changes in Periotests values (PTV) over time.

Microgrooved implants reduces crestal bone level in comparison with microthreaded titani-
um implants and particularly with rough neck implants without microthreading (sandblast-
ed zirconia) (Table 7). Although microthreads at implant neck transform the shear force
between the implants and crestal bone into the compressive force to which bone is the most
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resistant allowing preservation of bone tissue, the addition of microgrooves that interlock
the adjacent bone seems to be more efficient [73, 74].

Surface RCBL (mm)

Month 1 Month 2 Month 3
Sandblasted zirconia 0.27+0.03 (0.26)  0.32+0.01 (0.32)  0.56 +0.01 (0.56)
Sandblasted zirconia with microgrooved neck 025 +0.03 (0.23) 0.22+£0.02 (0.23)  0.36 +0.01 (0.36)
Sandblasted zirconia all microgrooved 0.24+£0.02 (0.22) 0.24+0.01 (0.24) 0.26 +0.01 (0.26)
Sandblasted, high temperature etched titanium 0.27 +£0.04 (0.28)  0.30+0.02 (0.30)  0.36 +0.01 (0.36)

Values expressed as +SD (median).

Table 7. Radiographic crestal bone loss (RCBL).

The addition of microgrooves to the entire intraosseous surface of zirconia dental implants
enhances primary and secondary implant stability, which promotes bone tissue ingrowth and
preserves crestal bone levels [73]. Data from animal models indicate that zirconia femtosecond
laser all-treated surface achieves good osseointegration and could be predictable treatment
option in the implantological daily practice [75]. Histological, radiological, and histomorpho-

Figure 10. SEM evaluation of cell morphology on sandblasted (a-c) and sandblasted, laser micro grooved zirconia (d-F)
at 7 days. (a) a cell in the base of an implant thread; (b) close-up view of a couple of cell bodies close to the base of the
thread; (c) a cell body with very short cell lamellipodia located in a crack surface (shown at high magnification); (d) cell
at the border of a microgroove; (e) lamellipodia extend inside microgrooves, bridging microgroove borders; (f) cell
body aligned in the direction of the microgroove.
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metric evaluation of zirconia implants treated with femtosecond laser revealed that they can
be successfully subjected to immediate loading protocol [72].

Figure 11. Cells on sandblasted, microgrooved zirconia surface at 7 days (high magnification). (a) lateral view of multi-
ple cells firmly adhered to the inner surface of the microgrooves; (b) cell body alignment at the base of the micro-
grooves; (c) lamellipodia network at walls and base of the microgrooves; (d) inner wall of a microgroove showing
filopodia connected to the nanorough texture of the microgroove walls.

Figure 12. SEM evaluation of cell morphology on sandblasted (a—c) and sandblasted, laser micro grooved zirconia (d-f)
at 15 days. The cells established intercellular contacts and formed layers; contact between the cell and the surface occur
mainly in topographic accidents (high magnification) (a—c). Cells fill the microgroove completely; cells also form in the
pitch areas (d—f).
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4. Conclusion and implications for future research

Surface modifications are of great clinical importance, regardless of the core implant material,
titanium, or zirconium. Hidrophilic and nanostructured SLActive surface accelerates osseoin-
tegration and provides conditions for early or immediate loading. This surface ensures
predictable implant outcome even in low-density bone due to enhanced biological response.
Initial in vitro and in vivo animal studies indicate improved osteoblastic activity, enhanced
osseointegration and stabile crestal bone level around microogroved zirconia implants treated
with femtosecond laser. This recent findings make them a potential treatment option for
everyday implantology. However, future research should examine clinical effects of laser
microogroved zirconia implants in randomized clinical trials using sufficient sample size and
proven methodology.

Author details

Aleksa Markovic

Address all correspondence to: maleksa64@gmail.com

Faculty of Dental Medicine, Belgrade, Serbia

References

[1]

(2]

[4]

Jemat A, Ghazali MJ, Razali M, Otsuka Y. Surface modifications and their effects on
titanium dental implants. BioMed Research International. 2015:(6)1-11.

Wennerberg A, Albrektsson T. Effects of titanium surface topography on bone inte-
gration: a systematic review. Clinical Oral Implants Research. 2009;20(Suppl. 4):172-
84. doi:10.1111/j.1600-0501.2009.01775.x

Dohan Ehrenfest DM, Coelho PG, Kang BS, Sul YT, Albrektsson T. Classification of
osseointegrated implant surfaces: materials, chemistry and topography. Trends in
Biotechnology. 2010;28(4):198-206. doi:10.1016/j.tibtech.2009.12.003

Kurella A, Dahotre NB. Review paper: surface modification for bioimplants: the role
of laser surface engineering. Journal of Biomaterials Applications. 2005;20(1):5-50. doi:
10.1177/0885328205052974

Delgado-Ruiz RA, Calvo-Guirado JL, Moreno P, Guardia J, Gomez-Moreno G, Mate-
Sanchez JE, et al. Femtosecond laser microstructuring of zirconia dental implants.
Journal of Biomedical Materials Research Part B, Applied Biomaterials. 2011;96(1):91—
100. doi:10.1002/jbm.b.31743

145



146 Dental Implantology and Biomaterial

[6]

[8]

[9]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Ismail FS, Rohanizadeh R, Atwa S, Mason RS, Ruys AJ, Martin PJ, et al. The influence
of surface chemistry and topography on the contact guidance of MG63 osteoblast cells.
Journal of Materials Science Materials in Medicine. 2007;18(5):705-14. doi:10.1007/
s10856-006-0012-2

Walboomers XF, Jansen JA. Cell and tissue behavior on micro-grooved surfaces.
Odontology. 2001;89(1):2-11. d0i:10.1007/s10266-001-8178-z

Wennerberg A, Albrektsson T, Jimbo R, editors. Implant Surfaces and Their Biological
and Clinical Impact. Berlin, Heidelberg: Springer-Verlag; 2015, Vol. XII, 182 p.

Gittens RA, Scheideler L, Rupp F, Hyzy SL, Geis-Gerstorfer J, Schwartz Z, et al. A
review on the wettability of dental implant surfaces II: biological and clinical aspects.
Acta Biomaterialia. 2014;10(7):2907-18. d0i:10.1016/j.actbio.2014.03.032

Rupp F, Gittens RA, Scheideler L, Marmur A, Boyan BD, Schwartz Z, et al. A review
on the wettability of dental implant surfaces I: theoretical and experimental aspects.
Acta Biomaterialia. 2014;10(7):2894-906. d0i:10.1016/j.actbio.2014.02.040

RuppF, Scheideler L, Eichler M, Geis-Gerstorfer ]. Wetting behavior of dental implants.
The International Journal of Oral & Maxillofacial Implants. 2011;26(6):1256—66.

Vasak C, Busenlechner D, Schwarze UY, Leitner HF, Munoz Guzon F, Hefti T, et al.
Early bone apposition to hydrophilic and hydrophobic titanium implant surfaces: a
histologic and histomorphometric study in minipigs. Clinical Oral Implants Research.
2014;25(12):1378-85. d0i:10.1111/clr.12277

Lee HJ, Yang IH, Kim SK, Yeo IS, Kwon TK. In vivo comparison between the effects of
chemically modified hydrophilic and anodically oxidized titanium surfaces on initial
bone healing. Journal of Periodontal & Implant Science. 2015;45(3):94-100. d0i:10.5051/
jpis.2015.45.3.94

Sartoretto SC, Alves AT, Resende RF, Calasans-Maia ], Granjeiro JM, Calasans-Maia
MD. Early osseointegration driven by the surface chemistry and wettability of dental
implants. Journal of Applied Oral Science: Revista FOB. 2015;23(3):279-87. doi:
10.1590/1678-775720140483

Wilson CJ, Clegg RE, Leavesley DI, Pearcy MJ]. Mediation of biomaterial-cell interac-
tions by adsorbed proteins: a review. Tissue Engineering. 2005;11(1-2):1-18. doi:
10.1089/ten.2005.11.1

Olivares-Navarrete R, Hyzy SL, Hutton DL, Erdman CP, Wieland M, Boyan BD, et al.
Direct and indirect effects of microstructured titanium substrates on the induction of
mesenchymal stem cell differentiation towards the osteoblast lineage. Biomaterials.
2010;31(10):2728-35. d0i:10.1016/j.biomaterials.2009.12.029

Zhao G, Schwartz Z, Wieland M, Rupp F, Geis-Gerstorfer J, Cochran DL, et al. High
surface energy enhances cell response to titanium substrate microstructure. Journal of
Biomedical Materials Research Part A. 2005;74(1):49-58. doi:10.1002/jbm.a.30320



The Role of Hydrophilic Sandblasted Titanium and Laser Microgrooved Zirconia Surfaces in Dental Implant Treatment

[18]

[19]

[20]

[23]

[24]

[25]

[26]

[27]

http://dx.doi.org/10.5772/62702

Hotchkiss KM, Reddy GB, Hyzy SL, Schwartz Z, Boyan BD, Olivares-Navarrete R.
Titanium surface characteristics, including topography and wettability, alter macro-
phage activation. Acta Biomaterialia. 2016;31:425-34. doi:10.1016/j.actbio.2015.12.003

Lim JY, Shaughnessy MC, Zhou Z, Noh H, Vogler EA, Donahue H]J. Surface energy
effects on osteoblast spatial growth and mineralization. Biomaterials. 2008;29(12):1776—
84. doi:10.1016/j.biomaterials.2007.12.026

Sennerby L, Meredith N. Implant stability measurements using resonance frequency
analysis: biological and biomechanical aspects and clinical implications. Periodontol-
ogy 2000. 2008;47:51-66. d0i:10.1111/j.1600-0757.2008.00267.x

Meredith N. Assessment of implant stability as a prognostic determinant. The Inter-
national Journal of Prosthodontics. 1998;11(5):491-501.

Nedir R, Bischof M, Szmukler-Moncler S, Bernard JP, Samson J. Predicting osseointe-
gration by means of implant primary stability. Clinical Oral Implants Research.
2004;15(5):520-8. d0i:10.1111/j.1600-0501.2004.01059.x

Gallucci GO, Benic GI, Eckert SE, Papaspyridakos P, Schimmel M, Schrott A, et al.
Consensus statements and clinical recommendations for implant loading protocols.
The International Journal of Oral & Maxillofacial Implants. 2014;29(Suppl.):287-90. doi:
10.11607/jomi.2013.g4

Olive ], Aparicio C. Periotest method as a measure of osseointegrated oral implant
stability. The International Journal of Oral & Maxillofacial Implants. 1990;5(4):390—400.

Aparicio C. The use of the Periotest value as the initial success criteria of an implant:
8-year report. The International Journal of Periodontics & Restorative Dentistry.
1997;17(2):150-61.

Eitner S, Schlegel A, Emeka N, Holst S, Will ], Hamel J. Comparing bar and double-
crown attachments in implant-retained prosthetic reconstruction: a follow-up investi-
gation. Clinical Oral Implants Research. 2008;19(5):530-7. doi:10.1111/j.
1600-0501.2007.01500.x

Morris HE, Ochi S, Crum P, Orenstein I, Plezia R. Bone density: its influence on implant
stability after uncovering. The Journal of Oral Implantology. 2003;29(6):263-9. doi:
10.1563/1548-1336(2003)029<0263:BDIIOI>2.3.CO;2

Buser D, Mericske-Stern R, Bernard JP, Behneke A, Behneke N, Hirt HP, et al. Long-
term evaluation of non-submerged ITI implants. Part 1: 8-year life table analysis of a

prospective multi-center study with 2359 implants. Clinical Oral Implants Research.
1997;8(3):161-72.

Rupp F, Scheideler L, Olshanska N, de Wild M, Wieland M, Geis-Gerstorfer J. Enhanc-
ing surface free energy and hydrophilicity through chemical modification of micro-
structured titanium implant surfaces. Journal of Biomedical Materials Research Part A.
2006;76(2):323-34. d0i:10.1002/jbm.a.30518

147



148 Dental Implantology and Biomaterial

[30]

[31]

[32]

[33]

[35]

[37]

[38]

[39]

[40]

Zinelis S, Silikas N, Thomas A, Syres K, Eliades G. Surface characterization of SLActive
dental implants. The European Journal of Esthetic Dentistry. 2012;7(1):72-92.

Wennerberg A, Albrektsson T. On implant surfaces: a review of current knowledge and
opinions. The International Journal of Oral & Maxillofacial Implants. 2010;25(1):63-74.

Wennerberg A, Galli S, Albrektsson T. Current knowledge about the hydrophilic and
nanostructured SLActive surface. Clinical, Cosmetic and Investigational Dentistry.
2011;3:59-67. d0i:10.2147/CCIDEN.S15949

Gu YX, DuJ, Si MS, Mo J], Qiao SC, Lai HC. The roles of PI3K/Akt signaling pathway
in regulating MC3T3-E1 preosteoblast proliferation and differentiation on SLA and
SLActive titanium surfaces. Journal of Biomedical Materials Research Part A.
2013;101(3):748-54. d0i:10.1002/jbm.a.34377

Mamalis AA, Silvestros SS. Analysis of osteoblastic gene expression in the early human
mesenchymal cell response to a chemically modified implant surface: an in vitro study.
Clinical Oral Implants Research. 2011;22(5):530-7. d0i:10.1111/j.1600-0501.2010.02049.x

Raines AL, Olivares-Navarrete R, Wieland M, Cochran DL, Schwartz Z, Boyan BD.
Regulation of angiogenesis during osseointegration by titanium surface microstructure
and energy. Biomaterials. 2010;31(18):4909-17. doi:10.1016/j.biomaterials.2010.02.071

Kou PM, Schwartz Z, Boyan BD, Babensee JE. Dendritic cell responses to surface
properties of clinical titanium surfaces. Acta Biomaterialia. 2011;7(3):1354-63. doi:
10.1016/j.actbio.2010.10.020

Lang NP, Salvi GE, Huynh-Ba G, Ivanovski S, Donos N, Bosshardt DD. Early osseoin-
tegration to hydrophilic and hydrophobic implant surfaces in humans. Clinical Oral
Implants Research. 2011;22(4):349-56. d0i:10.1111/j.1600-0501.2011.02172.x

Branemark PI, Hansson BO, Adell R, Breine U, Lindstrom ], Hallen O, et al. Osseoin-
tegrated implants in the treatment of the edentulous jaw. Experience from a 10-year
period. Scandinavian Journal of Plastic and Reconstructive Surgery Supplementum.
1977;16:1-132.

Esposito M, Grusovin MG, Willings M, Coulthard P, Worthington HV. The effective-
ness of immediate, early, and conventional loading of dental implants: a Cochrane
systematic review of randomized controlled clinical trials. The International Journal of
Oral & Maxillofacial Implants. 2007;22(6):893-904.

Chambrone L, Shibli JA, Mercurio CE, Cardoso B, Preshaw PM. Efficacy of standard
(SLA) and modified sandblasted and acid-etched (SLActive) dental implants in
promoting immediate and/or early occlusal loading protocols: a systematic review of
prospective studies. Clinical Oral Implants Research. 2015;26(4):359-70. doi:10.1111/clr.
12347

Bornstein MM, Schmid B, Belser UC, Lussi A, Buser D. Early loading of non-submerged
titanium implants with a sandblasted and acid-etched surface. 5-year results of a



The Role of Hydrophilic Sandblasted Titanium and Laser Microgrooved Zirconia Surfaces in Dental Implant Treatment

[42]

[44]

[46]

[47]

[48]

[50]

http://dx.doi.org/10.5772/62702

prospective study in partially edentulous patients. Clinical Oral Implants Research.
2005;16(6):631-8. doi:10.1111/j.1600-0501.2005.01209.x

Morton D, Bornstein MM, Wittneben ]G, Martin WC, Ruskin JD, Hart CN, et al. Early
loading after 21 days of healing of nonsubmerged titanium implants with a chemically
modified sandblasted and acid-etched surface: two-year results of a prospective two-
center study. Clinical Implant Dentistry and Related Research. 2010;12(1):9-17. doi:
10.1111/j.1708-8208.2009.00204.x

Ganeles J, Zollner A, Jackowski ], ten Bruggenkate C, Beagle ], Guerra F. Immediate
and early loading of Straumann implants with a chemically modified surface (SLAc-
tive) in the posterior mandible and maxilla: 1-year results from a prospective multi-
center study. Clinical Oral Implants Research. 2008;19(11):1119-28. doi:10.1111/;.
1600-0501.2008.01626.x

Nicolau P, Korostoff |, Ganeles J, Jackowski J, Krafft T, Neves M, et al. Inmediate and
early loading of chemically modified implants in posterior jaws: 3-year results from a

prospective randomized multicenter study. Clinical Implant Dentistry and Related
Research. 2013;15(4):600-12. doi:10.1111/j.1708-8208.2011.00418.x

Karabuda ZC, Abdel-Haq J, Arisan V. Stability, marginal bone loss and survival of
standard and modified sand-blasted, acid-etched implants in bilateral edentulous
spaces: a prospective 15-month evaluation. Clinical Oral Implants Research. 2011;22(8):
840-9. d0i:10.1111/j.1600-0501.2010.02065.x

Markovic A, ColicS, Scepanovic M, Misic T, Ethinic A, Bhusal DS. A 1-Year prospective
clinical and radiographic study of early-loaded bone level implants in the posterior
maxilla. Clinical Implant Dentistry and Related Research. 2015;17(5):1004-13. doi:
10.1111/cid.12201

Jensen OT, editor. The Sinus Bone Graft. Carol Stream, IL, USA: Quintessence Pub-
lishing; 1999, pp. 49-68.

Summers RB. A new concept in maxillary implant surgery: the osteotome technique.
Compendium. 1994;15(2):152, 4-6, 8 passim; quiz 62.

Jensen OT, Shulman LB, Block MS, Iacono V]J. Report of the sinus consensus conference
of 1996. The International Journal of Oral & Maxillofacial Implants. 1998;13(Suppl.):11-
45.

Markovic A, Colic S, Drazic R, Gacic B, Todorovic A, Stajcic Z. Resonance frequency
analysis as a reliable criterion for early loading of sandblasted/acid-etched active
surface implants placed by the osteotome sinus floor elevation technique. The Inter-
national Journal of Oral & Maxillofacial Implants. 2011;26(4):718-24.

Markovic A, Misic T, Calvo-Guirado JL, Delgado-Ruiz RA, Janjic B, Abboud M. Two-
center prospective, randomized, clinical, and radiographic study comparing osteotome

149



150 Dental Implantology and Biomaterial

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[60]

[61]

sinus floor elevation with or without bone graft and simultaneous implant placement.
Clinical Implant Dentistry and Related Research. 2015. do0i:10.1111/cid.12373

Kuchler U, Chappuis V, Bornstein MM, Siewczyk M, Gruber R, Maestre L, et al.
Development of Implant Stability Quotient values of implants placed with simultane-
ous sinus floor elevation—results of a prospective study with 109 implants. Clinical
Oral Implants Research. 2016. doi:10.1111/clr.12768

Ihde S, Kopp S, Gundlach K, Konstantinovic VS. Effects of radiation therapy on
craniofacial and dental implants: a review of the literature. Oral Surgery, Oral Medi-
cine, Oral Pathology, Oral Radiology, and Endodontics. 2009;107(1):56—65. d0i:10.1016/
j-tripleo.2008.06.014

Buddula A, Assad DA, Salinas TJ, Garces YI, Volz JE, Weaver AL. Survival of turned
and roughened dental implants in irradiated head and neck cancer patients: a retro-
spective analysis. The Journal of Prosthetic Dentistry. 2011;106(5):290-6. doi:10.1016/
S0022-3913(11)60133-9

Visch LL, van Waas MA, Schmitz PI, Levendag PC. A clinical evaluation of implants
in irradiated oral cancer patients. Journal of Dental Research. 2002;81(12):856-9.

Nelson K, Heberer S, Glatzer C. Survival analysis and clinical evaluation of implant-
retained prostheses in oral cancer resection patients over a mean follow-up period of
10 years. The Journal of Prosthetic Dentistry. 2007;98(5):405-10. doi:10.1016/
S0022-3913(07)60125-5

Nack C, Raguse JD, Stricker A, Nelson K, Nahles S. Rehabilitation of irradiated patients
with chemically modified and conventional SLA implants: five-year follow-up. Journal
of Oral Rehabilitation. 2015;42(1):57-64. d0i:10.1111/joor.12231

Oates TW, Dowell S, Robinson M, McMahan CA. Glycemic control and implant
stabilization in type 2 diabetes mellitus. Journal of Dental Research. 2009;88(4):367-71.
doi:10.1177/0022034509334203

Oates TW Jr., Galloway P, Alexander P, Vargas Green A, Huynh-Ba G, Feine ], et al.
The effects of elevated hemoglobin A(1c) in patients with type 2 diabetes mellitus on

dental implants: survival and stability at one year. Journal of the American Dental
Association. 2014;145(12):1218-26. doi:10.14219/jada.2014.93

Schlegel KA, Prechtl C, Most T, Seidl C, Lutz R, von Wilmowsky C. Osseointegration
of SLActive implants in diabetic pigs. Clinical Oral Implants Research. 2013;24(2):128-
34. doi:10.1111/j.1600-0501.2011.02380.x

Khandelwal N, Oates TW, Vargas A, Alexander PP, Schoolfield JD, AlexMcMahan C.
Conventional SLA and chemically modified SLA implants in patients with poorly
controlled type 2 diabetes mellitus—a randomized controlled trial. Clinical Oral
Implants Research. 2013;24(1):13-9. doi:10.1111/j.1600-0501.2011.02369.x

Javed F, Al-Hezaimi K, Almas K, Romanos GE. Is titanium sensitivity associated with
allergic reactions in patients with dental implants? A systematic review. Clinical



The Role of Hydrophilic Sandblasted Titanium and Laser Microgrooved Zirconia Surfaces in Dental Implant Treatment

[63]

[64]

[65]

[67]

[69]

[70]

[71]

http://dx.doi.org/10.5772/62702

Implant Dentistry and Related Research. 2013;15(1):47-52. doi:10.1111/;.
1708-8208.2010.00330.x

Kan JY, Rungcharassaeng K, Lozada JL, Zimmerman G. Facial gingival tissue stability
following immediate placement and provisionalization of maxillary anterior single
implants: a 2- to 8-year follow-up. The International Journal of Oral & Maxillofacial
Implants. 2011;26(1):179-87.

Andreiotelli M, Wenz HJ, Kohal RJ. Are ceramic implants a viable alternative to
titanium implants? A systematic literature review. Clinical Oral Implants Research.
2009;20(Suppl. 4):32-47. d0i:10.1111/j.1600-0501.2009.01785.x

Scarano A, Di Carlo F, Quaranta M, Piattelli A. Bone response to zirconia ceramic
implants: an experimental study in rabbits. The Journal of Oral Implantology.
2003;29(1):8-12. doi:10.1563/1548-1336(2003)029<0008:BRTZCI>2.3.CO;2

Kohal RJ, Wolkewitz M, Hinze M, Han ]S, Bachle M, Butz F. Biomechanical and
histological behavior of zirconia implants: an experiment in the rat. Clinical Oral
Implants Research. 2009;20(4):333-9. doi:10.1111/j.1600-0501.2008.01656.x

Langhoff JD, Voelter K, Scharnweber D, Schnabelrauch M, Schlottig F, Hefti T, et al.
Comparison of chemically and pharmaceutically modified titanium and zirconia
implant surfaces in dentistry: a study in sheep. International Journal of Oral and
Maxillofacial Surgery. 2008;37(12):1125-32. d0i:10.1016/j.ijom.2008.09.008

Lee ], Sieweke JH, Rodriguez NA, Schupbach P, Lindstrom H, Susin C, et al. Evaluation
of nano-technology-modified zirconia oral implants: a study in rabbits. Journal of
Clinical Periodontology. 2009;36(7):610-7. d0i:10.1111/j.1600-051X.2009.01423.x

Ferguson SJ, Langhoff JD, Voelter K, von Rechenberg B, Scharnweber D, Bierbaum S,
et al. Biomechanical comparison of different surface modifications for dental implants.
The International Journal of Oral & Maxillofacial Implants. 2008;23(6):1037—46.

Boyan BD, Hummert TW, Dean DD, Schwartz Z. Role of material surfaces in regulating
bone and cartilage cell response. Biomaterials. 1996;17(2):137—46.

Delgado-Ruiz RA, Gomez Moreno G, Aguilar-Salvatierra A, Markovic A, Mate-
Sanchez JE, Calvo-Guirado JL. Human fetal osteoblast behavior on zirconia dental

implants and zirconia disks with microstructured surfaces. An experimental in vitro
study. Clinical Oral Implants Research. 2015. d0i:10.1111/clr.12585

Calvo-Guirado JL, Aguilar-Salvatierra A, Gomez-Moreno G, Guardia J, Delgado-Ruiz
RA, Mate-Sanchez de Val JE. Histological, radiological and histomorphometric
evaluation of immediate vs. non-immediate loading of a zirconia implant with surface
treatment in a dog model. Clinical Oral Implants Research. 2014;25(7):826-30. doi:
10.1111/clr.12145

151



152

Dental Implantology and Biomaterial

[73]

[74]

[75]

Delgado-Ruiz RA, Markovic A, Calvo-Guirado JL, Lazic Z, Piattelli A, Boticelli D, et al.
Implant stability and marginal bone level of microgrooved zirconia dental implants: a
3-month experimental study on dogs. Vojnosanitetski pregled. 2014;71(5):451-61.

Jung YC, Han CH, Lee KW. A 1-year radiographic evaluation of marginal bone around
dental implants. The International Journal of Oral & Maxillofacial Implants. 1996;11(6):
811-8.

Calvo-Guirado JL, Aguilar-Salvatierra A, Delgado-Ruiz RA, Negri B, Fernandez MP,
Mate Sanchez de Val JE, et al. Histological and histomorphometric evaluation of
zirconia dental implants modified by femtosecond laser versus titanium implants: an
experimental study in fox hound dogs. Clinical Implant Dentistry and Related Re-
search. 2015;17(3):525-32. d0i:10.1111/cid.12162



