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Osseointegration is a major factor influencing the success of
dental implants. To achieve rapid and strong durable osseoin-
tegration, biomaterial researchers have investigated various
surface treatment methods for titanium dental implants.
Current dental implant research has studied the interaction
between bone and implant surface in order to understand
the osseointegration process. This special dental implant
issue addresses the role of titanium dental implant surface
treatment, chemical or topographic modification, and cells
interactions. All these parameters can affect bone healing,
promote accelerated osteogenesis, and increase bone-implant
contact and bond strength.

The themes include a relevant interest about the prop-
erties of dental implant surfaces, analysis of molecular
mechanisms which occur at the interface between bone
and dental implant, evaluation of the biological behavior
of the host’s tissues at the interface with the implant, and
considerations of implant micro- and nanotopography and
its superficial chemical structure. Researchers present their
results of investigation of various surface treatment methods
for dental titanium implants, show the biological basis for
successful implant therapy, and analyzed the effect of plasma
fibronectin.

In F. P. S. Guastaldi et al.’s paper, the authors propose
a novel plasma treatment for dental implant surfaces. Their
results suggested that even after 30 days of plasma treatment,
the biological responses were better than those of nontreated
surfaces.

InM.Monjo et al.’s paper, the authors compared the cyto-
toxicity, cell morphology and proliferation, alkaline phos-
phatase activity, gene expression, and the release of a wide
array of osteoblast markers of two commercial titanium (Ti)

surfaces (OsseoSpeed and TiOblast). They observed changes
in cell shape and BMP-2 secretion after 2 days between the
surfaces, and this was followed by increased IGF-I, BSP,
osterix gene expression and mineralization after 14 days.

In C. N. Elias et al’s paper, the authors research the
effects of dental implant surface treatment with fluoride and
fibronectin adsorption on the adhesion of osteoblasts. They
investigated the biofunctionalization of titanium surfaces and
examine their effects on the interactionwith osteoblastic cells.
They observed that the association indexes of osteoblastic
cells in fibronectin-treated samples were significantly higher
than those in samples without fibronectin. The radioactivity
values suggested that fibronectin incorporation is an impor-
tant determinant of the in vitro cytocompatibility of the
surfaces. They concluded that the preparation of bioactive
titanium surfaces via fluoride and FN retention proved to
be a useful treatment to optimize and to accelerate the
osseointegration process of dental implants.

In C. Y. Guo et al.’s paper, the authors focus on sur-
face charge modification on the surface of titanium den-
tal implants. They make an overview on both theoretical
explanations on how surface charge affects the implants’
osseointegration, as well as a potential surface charge modifi-
cationmethod. Additionally, they discuss the insights into the
important factors affecting the effectiveness of surface charge
modificationmethods and point out several interesting direc-
tions for future investigations on this topic.

In H. O. Schwartz-Filho et al.’s study, they observe the
morphological and molecular effect of laminin-1 doping to
nanostructured implant surfaces in a rabbit model.They con-
cluded that the protein-doped surface showed higher gene
expression of typical genes involved in the osseointegration
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cascade than that of the control surface. They observed that
the osseointegration cascade begins immediately after the
implant is placed in the bone, where the blood contiguously
interacts with the implant surface.

We hope that this special issue would attract a major
attention of the research community.Wewould like to express
our appreciation to all the authors, reviewers, and the Editor-
in-Chief Dr.MohamedAbdel Razek for the great support that
made this special issue possible.

Carlos Nelson Elias
Paulo G. Coelho
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Objectives. To test the hypothesis that there would be no differences in osseointegration by reducing the number of drills for site
preparation relative to conventional drilling sequence. Methods. Seventy-two implants were bilaterally placed in the tibia of 18
beagle dogs and remained for 1, 3, and 5 weeks. Thirty-six implants were 3.75mm in diameter and the other 36 were 4.2mm. Half
of the implants of each diameter were placed under a simplified technique (pilot drill + final diameter drill) and the other half were
placed under conventional drilling wheremultiple drills of increasing diameter were utilized. After euthanisation, the bone-implant
samples were processed and referred to histological analysis. Bone-to-implant contact (BIC) and bone-area-fraction occupancy
(BAFO) were assessed. Statistical analyses were performed by GLM ANOVA at 95% level of significance considering implant
diameter, time in vivo, and drilling procedure as independent variables and BIC and BAFO as the dependent variables. Results.
Both techniques led to implant integration. No differences in BIC and BAFO were observed between drilling procedures as time
elapsed in vivo. Conclusions. The simplified drilling protocol presented comparable osseointegration outcomes to the conventional
protocol, which proved the initial hypothesis.

1. Introduction

Osseointegration has been defined as the intimate con-
tact between bone tissue and implanted biomaterial in the
optical microscopy level, and such phenomenon has ren-
dered dental implantology as one of the most successful
treatment modalities in both dentistry and medicine [1,
2]. However, while high success rates have been reported
(often higher than 90% over a decade), the early failure of
the osseointegration has been associated with endogenous
factors such as quantity and quality of bone, smoking habits,
and host systemic impairment, as well as nutritional status

and osteometabolic disorders that may impair bone healing
or affect the maintenance of osseointegration. On the other
hand, especially in cases where endogenous factors are not
present, failure of dental implants has also been attributed to
exogenous factors such as implant design (including macro-
and microgeometry), surgical technique (excessive surgical
trauma), overload, misfit of suprastructures, or surgical site
infection [3, 4].

Albrektsson et al. (1981) suggested that there are 6 factors
that determine the success of osseointegration, that is, bio-
compatibility, design, surface, state of the host bed, surgical
technique, and loading conditions [5]. Needless to say, the
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proposal advocated some 3 decades ago still remains the gold
standard for success, and a great number of researches have
been conducted on these factors. However, compared to the
plethora of studies concerning the implant biocompatibility,
design, surface, and loading conditions, the number of stud-
ies focusing on the host bed and surgical technique is limited.
Especially the effect of surgical procedures such as the drilling
protocol has been sparsely explored, and clinicians basically
follow the given instructions from the manufacturers.

Previous research has shown that the osteotomy prepa-
ration may result in a region of necrotic bone surrounding
the inserted implant and that the extent of this region
is potentially influenced by the relationship between the
drilling speed and heat generated at these sites [6–8]. Thus,
it is expected that the amount of damage incurred to bone
due to instrumentation, and subsequently its ability to heal
around implants may depend on the drill material, design,
whether irrigation is external or internal and if at all utilized,
the rate which the drilling site diameter is incrementally
increased (the number of iteration from initial drill and final
drill diameter prior to implant placement). Different drilling
parameters have been currently evaluated in laboratory
bench studies, where variations in drilling speed have been
shown to be potentially beneficial to implant integration
[9, 10]. In addition, heat production during drilling has also
been evaluated as a function of drill design [11–14], repeated
utilization of drill units [15], and irrigation method [16, 17].

With regard to the determination of drilling efficiency
and temperature profile as a function of different variables,
most investigations are bench studies [9–14, 16, 18], and few
represent the osseointegration assessment of implants placed
in sites drilled under various conditions [19]. While useful
when a numeric control temperature reference is given, these
bench studies have not been appropriately validated in vivo
and such studies are highly desirable.

Even though there are studies investigating the effect
of different drilling protocols on osseointegration, little or
no data is available regarding the rate in which the drilling
site diameter is incrementally increased prior to implant
placement, as anecdotally, this procedure has been performed
in an incremental drill diameter fashion in an attempt to
minimize bone damage during its instrumentation. It is a
fact that there is no evidence in the literature whatsoever on
the optimal drilling protocol that would result in successful
osseointegration in clinical reality. At times, there are drilling
protocols that require so many time-consuming steps. It is of
great interest to investigate if reducing the number of drills
used would provide comparable results to the conventional
drilling sequence. Thus, this study tested the hypothesis that
no difference in implant osseointegration occurs by reducing
the number of drills used for site preparation (pilot drill +
final diameter drill) relative to the conventional incremental
site preparation.

2. Materials and Methods

This study utilized 72 screw root form endosseous Ti-6Al-
4V implants of 3.75mm (𝑛 = 36) and 4.2mm (𝑛 = 36) in

diameter and 10mm in length (C1, MIS, BarLev Industrial
Park, Israel). Half of the implants of each diameter were
placed under a simplified technique (pilot drill + final diam-
eter drill) and the other half were placed under the conven-
tional drilling technique where multiple drills of increasing
diameter were utilized. Previous atomic force microscopy
based texture analysis of the alumina-blasted/acid-etched
surface used in the present study were made showing an Sa
of 0.35 𝜇m and Sq of 0.5 ± 0.54𝜇m [20].

Eighteen beagle dogs approximately 1.5 years of age in
good health were used in this study under approval of the
bioethics committee for animal experimentation at the Ecole
Veterinaire D’Alfort, France.

The surgical site was the proximal tibia, a region with
a type 2 bone density, and two implants were placed per
limb. The right and left limbs provided 3.75mm and 4.2mm
diameter implants that were placed under the simplified
and conventional drilling techniques, respectively (each limb
provided samples from the simplified or conventional drilling
techniques).

The conventional drilling sequence for the 3.75mmdiam-
eter implants started from the pilot drill (2.4mm diameter),
an intermediate drill (3.0mmdiameter), and then endedwith
the final drill (3.6mm maximum diameter provided with
each implant). The conventional drilling sequence for the
4.2mmdiameter implants started from the pilot drill (2.4mm
diameter), two intermediate drills (3.0mm and 3.5mm in
diameter), and then ended with the final drill (4.0mm in
diameter). The simplified drilling sequence for the 3.75mm
and 4.2mm diameter implants started with the pilot and
then the final burs (3.6mm and 4.0mm for the 3.75mm
and 4.2mmdiameter implants, resp.). All drilling procedures
were conducted at 900 rpm under abundant irrigation.

3. Surgical Procedure

All surgical procedures were performed under general anes-
thesia. The preanesthetic procedure comprised of an intra-
muscular administration of atropine sulfate (0.044mg/kg)
and xylazine chlorate (8mg/kg). General anesthesia was then
obtained following an intramuscular injection of ketamine
chlorate (15mg/kg).

Following hair shaving, skin exposure, and antiseptic
cleaning with iodine solution at the surgical and surrounding
area, a 5 cm incision at the skin level was performed.Then, the
flap and muscle layers were reflected and the proximal tibia
was exposed.

Two osteotomies were produced at least 10mm from each
other from proximal to distal, and the implants were placed
with a torque wrench. Standard layered suture techniques
were utilized for wound closure (4–0 Vicryl, internal layers;
4–0 nylon, the skin, Ethicon, Johnson& Johnson, Somerville,
NJ). Postsurgical medication included antibiotics (penicillin,
20,000UI/kg) and analgesics (ketoprofen, 1mL/5 kg) for a
period of 48 h postoperatively.

Euthanasia was performed by an anesthesia overdose (𝑛 =
6 animals at 1, 3, and 5 weeks after surgery). At necropsy, the
limbs were retrieved by sharp dissection, the soft tissue was
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Figure 1: (a) Results for bone-to-implant (BIC) (mean ± 95% CI) as a function of drilling technique and time in vivo where no significant
differences were observed between groups for each time point in vivo. (b) Results for BIC (mean ± 95%CI) as a function of drilling technique,
time in vivo, and implant diameter. No significant differences were observed between groups for each time point in vivo.

removed with surgical blades, and initial clinical evaluation
was performed.

4. Hard Tissue Histology Preparation

The specimens were fixed in 10% buffered formalin solu-
tion for 24 h, washed in tap water for 24 h, and gradually
dehydrated in a series of alcohol solutions ranging from 70%
to 100% ethanol. Following dehydration, the samples were
embedded in a methacrylate-based resin (Technovit 9100,
Heraeus Kulzer GmbH, Wehrheim, Germany) according to
the manufacturer’s instructions. The blocks were then cut
aiming at the center of the implant along its long axis with
a precision diamond saw (Isomet 2000, Buehler Ltd., Lake
Bluff, IL, USA), glued to acrylic slides with an acrylate-based
resin, and a 24 h setting time was allowed prior to grinding
and polishing. The sections were then reduced to a final
thickness of approximately 30 𝜇m by means of a series of
SiC abrasive papers (Buehler Ltd., Lake Bluff, IL, USA) in a
grinding/polishing machine (Metaserv 3000, Buehler, Lake
Bluff, IL, USA) under water irrigation.The sections were then
stained in 1% toluidine blue and referred to light microscopy
evaluation.

Measurements of the percentages of bone-to-implant
contact (BIC) and bone-area-fraction occupancy (BAFO)
between threads [21] were performed at 1001x magnifica-
tion (Leica DM2500M, Leica Microsystems GmbH, Wetzlar,
Germany) by using the National Institutes of Health image
analyzer software (ImageJ 1.41o, National Institutes of Health,
USA).

The effects of drilling technique, implant diameter, and
time in vivo on BIC and BAFO were evaluated by a GLM
ANOVA. Statistical significance was set at 5% (𝛼 = 0.05).

5. Results

Bone healing around implants was uneventful following
implant placement for all 72 sites. No signs of inflammation
or infection were observed during the experimental period.

The statistical summary concerning the effects of drilling
technique as a function of time for BIC is presented in
Figure 1(a). While a significant increase was observed from
1 to 3 weeks (𝑃 = 0.02), this difference was not significant
from 3 to 5 weeks (𝑃 = 0.82). The statistical summary for
the effect of drilling technique, implant diameter, and time
(Figure 1(b)) did not show significant differences in BIC as a
function of drilling technique and implant diameter for each
time point evaluated.

The statistical summary concerning the effects of drilling
technique as a function of time for BAFO is presented
in Figure 2(a). While a significant increase in BAFO was
observed from 1 to 3 weeks (𝑃 < 0.01), this difference was
not significant from 3 to 5 weeks (𝑃 = 0.85). The statistical
summary concerning the effect of drilling technique, implant
diameter, and time (Figure 2(b)) did not depict significant
differences in BAFO as a function of drilling technique and
implant diameter for each time point evaluated.

No morphologic differences were observed between
implants placed with either conventional or simplified tech-
niques, and initial evaluation of the histologic sections at all
time points evaluated showed direct contact between implant
and bone in cortical and trabecular regions (Figure 3). In
general, the histologic evaluation showed that at 1 week,
initial woven bone formation occurred in the regions between
threads and in direct contact with the implant surface
(Figure 4(a)). At three weeks (Figure 4(b)), an increase in the
amounts of bone between threads was evident, and ongoing
replacement of woven bone by lamellar bone was observed
for all groups evaluated at 5 weeks (Figure 4(c)).

6. Discussion

The present study design allowed the evaluation of osseoin-
tegration measurable parameters in implants placed in sites
that were prepared in an incremental diameter fashion
(conventional) or in a two-step fashion (pilot drill + final
drill) to final diameters of 3.6mm and 4.0mm at 900 rpm
under abundant irrigation. Previous research has pointed
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Figure 2: (a) Results for bone area fraction occupancy (BAFO) (mean ± 95% CI) as a function of drilling technique and time in vivo where
no significant differences were observed between groups for each time point in vivo. (b) Results for BAFO (mean ± 95% CI) as a function of
drilling technique, time in vivo, and implant diameter. No significant differences were observed between groups for each time point in vivo.

1.5 mm

Figure 3: No morphologic differences were observed between
implants placed with either conventional or simplified techniques.
The evaluation of the histologic sections at all time points showed
direct contact between implant and bone in cortical and trabecular
regions, as showed in this section of a 4.2mm diameter implant at 5
weeks of healing.

that a region of necrotic bone surrounding the implant
exists following surgery and that the extent of this region
is influenced by drilling speed [9, 10], design [11–14], and
irrigation mode (or absence of irrigation) [14, 15]. For most
of the research concerning drills and drilling technique
variations, the most commonly measured outcome concerns
the heat generated at these sites as a function of different
variables always referenced by a suitable control group.Thus,
while useful when a numeric control temperature reference
is given, these studies and the present study hypothesized
that no difference in implant osseointegration occurs by
reducing the number of drills for site preparation (pilot

drill + final diameter drill) relative to the conventional
drilling sequence.

It is known that rises in bone temperature during rotary
instrumentation are expected to be higher as a function of
diametric differences between drills due to the amount of
pressure and cutting necessary for site preparation being
proportional to this difference. In fact, thermal osteonecrosis
is inexorable if the temperature rises higher than 47∘C in the
bone [22], which has been reported clinically to be one of
the causes of implant periapical lesions [23] or otherwise of
a delay in bone regenerative process [24]. Intriguingly, not
only did our results depict no differences in BIC and BAFO
between drilling techniques when implant diameter informa-
tion was collapsed from statistical analyses, but also showed
no difference in BIC and BAFO as a function of implant
diameter and time in vivo. Further, the histological observa-
tion presented no visible differences for both groups, showing
no signs of excessive inflammation, osteoclastic activity, or
noticeable necrosis.This is an indication that the temperature
elevation, if any created by the simplified procedure, did not
have any negative effects as compared to the conventional
protocol, and the irrigation was probably sufficient enough
to keep the temperature below the osteonecrosis threshold of
47∘C. If the temperature exceeded 47∘C, the healing probably
would have delayed for the simplified protocol group, which
would have been evident in the histology or in the histo-
morphometry as reported by Yoshida et al. [24]. Thus, it is
highly desirable that future studies combine methods where
correlative statistical inferences between temperature rise and
osseointegration/biomechanical measurable parameters are
possible in order to allow an informed platform for future
surgical drilling protocols.

Since a simplified surgical drilling procedure did not
negatively affect the biological response of the implants
placed in these sites and was comparable to the conventional
drilling sequence, our initial hypothesis that no difference in
implant osseointegration occurs by reducing the number of
drills for bone site preparation relative to the conventional



International Journal of Biomaterials 5
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Figure 4: Histologic evaluation showed that at (a) 1 week, initial woven bone formation occurred in the regions between threads and in direct
contact with the implant surface (arrows). (b) At three weeks, an increase in the amounts of bone between threads was evident, and the (c)
onset of replacement of woven bone by lamellar bone was observed for all groups evaluated at 5 weeks (arrows).

drilling sequence was accepted. The results of this study
strongly suggest that the osteotomy preparation may be
simplified and be less time consuming; however, constant
irrigation will always be necessary to avoid the deleterious
effect of temperature elevation in the bone, specially in high
density bone, such as the mandibular anterior region. Lastly,
a precise drilling orientation is required in the first drills, as in
other techniques, but with fewer opportunities for angulation
corrections, which may demand a steeper learning curve for
the less experienced professional.
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e surface energy of the implant surface has an impact on osseointegration. In this study, 2 surfaces: nonwashed resorbable blasting
media (NWRBM; control) andAr-based nonthermal plasma 30 days (Plasma 30 days; experimental), were investigated with a focus
on the surface energy. e surface energy was characterized by the Owens-Wendt-Rabel-Kaelble method and the chemistry by X-
ray photoelectron spectroscopy (XPS). Five adult beagle dogs received 8 implants (𝑛𝑛 𝑛 𝑛 per surface, per tibia). Aer 2 weeks, the
animals were euthanized, and half of the implants (𝑛𝑛 𝑛 𝑛𝑛) were removal torqued and the other half were histologically processed
(𝑛𝑛 𝑛 𝑛𝑛). e bone-to-implant contact (BIC) and bone area fraction occupancy (BAFO) were evaluated on the histologic sections.
e XPS analysis showed peaks of C, Ca, O, and P for the control and experimental surfaces. While no signi�cant difference was
observed for BIC parameter (𝑃𝑃 𝑃 𝑛𝑃𝑃𝑃), a higher level for torque (𝑃𝑃 𝑃 𝑛𝑃𝑛𝑛) and BAFO parameter (𝑃𝑃 𝑃 𝑛𝑃𝑛𝑃) was observed for the
experimental group. e surface elemental chemistry was modi�ed by the plasma and lasted for 30 days aer treatment resulting
in improved biomechanical �xation and bone formation at 2 weeks compared to the control group.

1. Introduction

e interaction between the implant surface and the living
body begins soon aer the placement of the biomaterial in
the body, and it has always been a challenge to determine the
optimal modi�cation to accelerate the biologic events which
lead to faster osseointegration [1–3].

Since it has been proven that moderately rough sur-
faces outperform the turned surfaces [4–8], recent research
has focused on further modi�cations that could possibly
increase the bioactivity of the implant [9]. us, some of
the state-of-the-art research has shied to chemically modify
moderately rough surfaces, which have been indicated to
generate synergetic effects [10, 11]. Furthermore, the surface
energy is another important factor involved in the regulation

of osteogenesis. It has been said that depending on the
surface energy, the surface state can either be hydrophilic or
hydrophobic [12].e energy state of the implant depends on
the type of biomaterial, the handling during manufacturing,
the mode of cleaning, sterilization, and needless to say, the
handling of the implant during surgical procedure [13, 14].
In general, when the surface is positively charged, the surface
turns hydrophilic and some of the plasma proteins essential
for the initial osteogenic interactions adsorb to hydrophilic
surfaces [15–17]. It has been suggested that the charge of the
implant surface can be altered by oxidization [18], chemical
and topographical modi�cation [19, 20], and by plasma
treatment [3, 14].

Plasma treatment is an interesting method to modify
the implant surface. Not only can this treatment alter the
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surface charge, but this treatment can also alter the chemistry
and the topography [21–23]. ermal plasma treatment has
been traditionally used as a method to utilize hydroxyapatite
coatings on implant surfaces (plasma spraying) [24, 25].
Another form of plasma treatment, the atmospheric pressure
(cold) plasmas, has shown to alter the surface energy and
the chemistry due to the generation of high concentration
of reactive species that are generated [21, 22]. is has been
reported to be bene�cial for the enhancement of osteogenic
responses, as Duske et al. reported that surfaces treated with
atmospheric plasma signi�cantly enhanced the wettability
and improved the initial cellular interaction [23].

e application of atmospheric plasma is increasing in
numerous situations especially in the biomedical �eld due
to their practical capability to low temperature providing
plasmas that are not spatially bound or con�ned by electrodes
[26, 27]. Moreover, this efficient and cost-effective process
presents a potential bene�t to any commercially available
implant surface and has shown positive host-to-implant
response when implants were plasma treated immediately
prior to placement in the surgical sites [3]. While promising
results have been achieved by the atmospheric treatment
of endosseous implants prior to placement, it is also of
interest to evaluate whether such surface modi�cation is
effective over longer periods of time, since the surface may be
contaminated when the implant is reexposed to air [14, 28].
Stachowski et al. has reported that there is a possibility to
maintain the high surface energy state of the titanium implant
for at least 30 days, depending on various factors such as
storage conditions [29]. e reason for 30 days storage of
plasma-treated implants is to simulate a scenario of large-
scale production by dental implants manufacturers, where
the storage aer surface modi�cation may occur for several
days prior to reaching the dental practitioner.

us, the objective of the present study was to investigate
whether the biologic effect of an argon-based nonther-
mal plasma-treated dental implant surface stored for 30
days before the placement is still effective in terms of surface
charge as compared to its untreated counterpart.

2. Materials andMethods

is study utilized 3.75mm in diameter by 10mm length
nonwashed resorbable blasting media surface implants
(�ouareg with Osseo�x Surface, Adin Dental Implants Sys-
tems Ltd., Afula, Israel). Half of the samples utilized were
plasma treated 30 days prior to implantation (20 implants;
experimental group), and the other half were placed as pro-
vided by the manufacturer (20 implants; control group). In
summary, the control surface is fabricated by grit-blasting the
surface with a proprietary bioactive ceramic powder prior to
cleaning and sterilization, resulting in a textured surface with
amounts of Ca and P close to 10% of the implant surface area.

e plasma was applied with a KinPen device (length =
155mm, diameter = 20mm, weight = 170 g) (INP-Greif-
Swald, Germany). e KinPen was used for the generation
of a plasma jet at atmospheric pressure connected to a high-
frequency power supply (1.5MHz, 2–6 kV peak-to-peak,
system power 230V, 65W), and the gas supply unit was

connected to a gas controller (Multi Gas Controller 647C,
MKS Instruments, Andover,MA). Argon tankswere attached
to the gas controller with gas �ow set at 5 standard liters
per minute (slm). e plasma-treated implants were stored
in their original vials before surgery for a period of thirty
days.

Six implants of each treatment (plasma 30 days prior to
placement, plasma immediately prior to surface characteri-
zation, and control) were referred to physicochemical charac-
terization.e surfacemorphologywas observed by scanning
electron microscopy (SEM, Philips XL 30, Eindhoven, e
Netherlands) at ×5000 magni�cation and an acceleration
voltage of 20 kV (𝑛𝑛 𝑛 𝑛 per surface).

In order to assess the surface energy of the surfaces,
the Owens-Wendt-Rabel-Kaelble method was utilized [30].
For this purpose, 500𝜇𝜇L droplets of distilled water, ethylene
glycol, and diiodomethane were deposited on the surface
of each implant group with a micropipette (OCA 30, Data
Physics Instruments GmbH, Filderstadt, Germany). Images
were captured and analyzed using soware (SCA30, version
3.4.6 build 79). e relationship between the contact angle
and surface energy was determined and was calculated by
𝛾𝛾𝐿𝐿 𝑛 𝛾𝛾

𝐷𝐷
𝐿𝐿 +𝛾𝛾

𝑃𝑃
𝐿𝐿 , where 𝛾𝛾𝐿𝐿 is the surface energy, 𝛾𝛾

𝐷𝐷
𝐿𝐿 is the disperse

component, and 𝛾𝛾𝑃𝑃𝐿𝐿 is the polar component.
Surface-speci�c chemical assessment was performed by

X-ray photoelectron spectroscopy (XPS). e implants (𝑛𝑛 𝑛
𝑛, each group) were inserted in a vacuum transfer chamber
and degassed to 10−7 torr. e samples were then transferred
under vacuum to aKratos Axis 165multitechniqueXPS spec-
trometer (Kratos Analytical, Chestnut Ridge, NY). Survey
and high-resolution spectra were obtained using a 165mm
mean radius concentric hemispherical analyzer operated at
constant pass energy of 160 eV for survey and 80 eV for high
resolution scans. e take-off angle was 90∘, and a spot size
of 150 𝜇𝜇m × 150 𝜇𝜇m was used. e implant surfaces were
evaluated at various locations.

Five male adult beagle dogs (approximately 1.5 years of
age) were used for the study under approval of the bioethics
committee for animal experimentation (CEUA 172/11) at the
Universidade Federal de Uberlandia, Brazil. e pre anes-
thetic procedure comprised an intramuscular administra-
tion of atropine sulfate (0.044mg/Kg) and xylazine chlorate
(8mg/Kg). General anaesthesia was then obtained following
an intramuscular injection of ketamine chlorate (15mg/Kg).
Surgical procedures for bone access and wound closure have
been described in detail elsewhere [31, 32].

e different implant surfaces were alternately placed
from proximal to distal at distances of 1 cm from each other
along the central region of the bone, and the start surface site
(control and experimental) was alternated between animals.
e implant distribution resulted in an equal number of
implants for the 2-week comparison for both surfaces.

Postsurgical medication included antibiotics (penicillin,
20.000UI/Kg) and analgesics (ketoprofen, 1mL/5Kg) for a
period of 48 hours postoperatively. e animals were euth-
anized aer a postsurgical period of 2 weeks by anesthesia
overdose and the tibiae were retrieved by sharp dissection.
Half of the implants were removal torqued and the other
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half were referred to nondecalci�ed histology processing as
reported previously.

Histomorphometric analyses were carried out for each
implant with the measurement of bone-to-implant contact
(BIC) and bone area fraction occupancy (BAFO). e bone-
to-implant contact (BIC) was determined at 50X–200X mag-
ni�cation (Leica DM2500M, Leica Microsystems GmbH,
Wetzlar, Germany) by means of computer soware (Leica
8 Application Suite, Leica Microsystems GmbH, Wetzlar,
Germany). e regions of bone-to-implant contact along the
implant perimeter were subtracted from the total implant
perimeter, and calculations were performed to determine
the BIC percentage. e bone area fraction occupancy
(BAFO) between threads in both cortical and trabecular
bone regions was determined at 100X magni�cation (Leica
DM2500M, Leica Microsystems GmbH, Wetzlar, Germany)
by means of computer soware (Leica Application Suite,
Leica Microsystems GmbH, Wetzlar, Germany). e areas
occupied by bonewere subtracted from the total area between
threads, and calculations were performed to determine the
BAFO (reported in percentage values of bone area fraction
occupancy) [33].

Following the data normality check, statistical analysis
was performed by paired 𝑡𝑡-tests at 95% level of signi�cance.

3. Results

e scanning electron micrographs of the implant surface
revealed a textured microstructure (Figure 1(a)). e surface
energy assessment showed a substantial increase in both
polar and disperses components immediately aer plasma
treatment and a slight decrease in both components 30
days aer plasma treatment. Relative to untreated surfaces
(control), the 30-day plasma-treated surfaces (experimental)
presented higher polar and disperse components and an
overall higher surface energy (Figure 1(b)).

e XPS analysis showed peaks of Ti, V, Al, C, Ca, O, and
P for both groups tested.e control surface presented atomic
percent values of 32.9, 9.8, 41.3, and 8.3 for C, Ca, O, and
P, respectively, while the surface analyzed immediately aer
plasma treatment presented atomic percent values of 15.3,
12.2, 50.3 and 9.3 for C, Ca, O, and P, respectively. Relative
to the control surface, the experimental surface presented
increases in Ca, O, and P atomic percent levels at 10.4, 46.8,
and 8.4, respectively, in addition to a decrease in C content at
24.6 atomic percent (Table 1).

No complications during animal surgical procedures and
followup were observed, and all implants were clinically
stable immediately aer euthanasia. While no signi�cant
difference was observed for BIC parameter (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃), sig-
ni�cantly higher levels of BAFO (𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃) and torque
(𝑃𝑃 𝑃 𝑃𝑃𝑃𝑃) were observed for the experimental group (Figures
2(a)–2(c)).

e histologic sections of the experimental group showed
initial bone formation adjacent to the implant surface and the
presence of layers of early connective tissue �lling the region
threads in a more intimate fashion than the control implants
(Figure 3). In addition, the bone �lled the region between
implant threads in proximity to the implant inner diameter
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F 1: (a) Scanning electron microscopy micrograph (1000X) of
the NWRBM implant surface and (b) surface energy measurements
of the different groups (mean ± SD).

T 1: X-ray photoelectron spectroscopy (XPS) spectra for both
NWRBM, immediately treated plasma (Plasma), andPlasma 30 days
surfaces (mean ± SD).

Chemical element (%) NWRBM Plasma Plasma 30 days
Al2p 1.04 (0.2) 3.94 (1.2) 2.8 (1.5)
C1s 32.91 (2.1) 15.25 (1.6) 24.6 (3.3)
Ca2p 9.84 (1.1) 12.2 (2.1) 10.4 (2.4)
o1s 41.27 (3.2) 50.3 (3.7) 46.8 (5.2)
P2p 8.28 (0.8) 9.3 (1.6) 8.4 (2.7)
Ti2p 3.01 (0.4) 5.2 (1.4) 4.6 (2.3)
V2p3 0.16 (0.2) 0.9 (0.5) 0.7 (0.5)

for the experimental group. Such observation could not be
identi�ed for the control group, where the bone formed
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F 2: (a) Bone-to-implant contact (BIC), (b) bone area fraction occupancy (BAFO) percentages, and (c) raw torque data (mean± 95% CI)
for the control and experimental groups in the experimental period. e number of asterisks depicts statistically homogeneous groups.

F 3: Representative overview of the histological micrographs of the plateaus at 2-week experimental period. (a) e histologic sections
of the N�RBM group although presented layers of early connective tissue (stroma) �lling the region between plateaus (arrows), there are
some areas that the stroma collapsed (arrows). (b)e histologic sections of the Plasma 30 days group showed initial signs of bone formation
ad�acent to the implant surface (arrows) and the presence of layers of early connective tissue (stroma) �lling the region between plateaus
without detachment of the surface (arrows).

distant from the implant inner diameter and the osteogenic
connective tissue was not in as intimate contact with the
implant surface as the experimental group (Figure 3).

4. Discussion

Previous SEM and optical interferometry assessment showed
that the roughness of the utilized in the present study
was similar to that of several other commercially available
products [1, 34]. From a surface chemistry standpoint, the

nonwashed resorbable blasting media treatment resulted in
Ca and P comprising close to 10% of the surface elemental
chemistry.

e surface energy assessment aerAr-based nonthermal
plasma (NTP) application showed a substantial increase in
surface energy (in both polar and disperse components) for
the implants immediately aer plasma treatment and that
such increase was slightly lost 30 days aer treatment. e
disperse component of the surface energy characterizes the
interaction between the surface and the dispensed liquid in
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terms of the nonpolar interactions between molecules. e
roughness, unevenness, and the branching level of the surface
determine this component. e polar component of the
surface energy characterizes the polar interaction between
the surface of the material and the working �uid. is
component is determined by the presence of polar groups,
electric charges, and free radicals on the surface [35].

e XPS results showed that surface elemental chemistry
was modi�ed by the Ar-based NTP treatment and that this
change resulted in a higher degree of exposure of the surface
chemical elements mainly at the expense of the removal of
adsorbed C species immediately aer plasma treatment [34].
Such surface exposure also slightly decreased as a function
of time aer plasma treatment as the 30-day plasma-treated
group (experimental) presented elemental chemistry and
showed evidence of adsorbed carbon species on the surface
relative to implants evaluated immediately aer plasma
treatment. Nonetheless, relative to the control group a higher
amount of surface exposure was still detected and was
likely related to the removal of the adsorbed C species from
the surface. Overall, both surface energy and XPS results
supported that the plasma treatment presented potential of
changing bone healing kinetics aer placement 30 days aer
argon plasma treatment as surface energy and chemistry
were still altered relative to the control group, suggesting that
the effect of the plasma treatment was still effective aer 30
days of storage.

Unlike our previous studies where the KinPen device was
utilized immediately prior to implant placement, the present
study considered that the device may not be readily available
to all clinicians but utilized by implant manufacturers several
days before the implant is placed. us, the present investi-
gation is the �rst of a series of studies necessary to support
the application of plasma on implants surface and prove the
maintenance of their chemical properties over short and long
periods of storage.

e histologic study suggested that intimate interaction
between tissues and implant surface occurred for the exper-
imental group relative to the control. It is probable that
more intimate relationship between the collagen �bers in the
bone and implant surface resulted in the signi�cantly higher
torque and BAFO results detected for the experimental
group.

ese results obtained in the present study are in agree-
ment with previous work that showed that surface wet-
tability is bene�cial in hastening osseointegration at early
times in vivo [15, 36–39]. It has been demonstrated that
increasing the surface energy of a grit-blasted implant surface
by means of proprietary cleaning and storage in isotonic
solution hastened osseointegration of dental implants at early
implantation times relative to controls presenting the same
surface roughness pro�le but lower surface energy levels [15].

In contrast to NTP treatment, where any given implant
surface may be treated immediately prior to placement, the
implant is stored in isotonic solution, so that the gain in
surface energy is maintained. In contrast to this scenario,
NTPs applied immediately prior to implantation has shown
to be effective in altering the surface energy and chemistry
resulting in a hastened host-to-implant response; however,

concerns related to NTPs potential shelf life has been raised
[3, 37, 40].

e present study partially answers the question as
to whether NTPs present adequate shelf life for potential
manufacturing based surface treatment, and further stud-
ies concerning longer periods of time are warranted. It is
acknowledged that the main limitation of the present study
is the absence of implants treated with plasma immediately
prior to implantation, and such limitation impaired the
evaluation of relative changes in bone response to NTP
treated implants stored for 30 days in comparison to its
treated and immediately placed counterpart.

5. Conclusion

Our results demonstrated that the surface elemental chem-
istry was modi�ed by the plasma and lasted for 30 days aer
treatment, resulting in improved biomechanical �xation and
bone formation at shortly aer implantation compared to the
control group.
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Aim. This study aimed to observe the morphological and molecular effect of laminin-1 doping to nanostructured implant surfaces
in a rabbit model. Materials and Methods. Nanostructured implants were coated with laminin-1 (test; dilution, 100 μg/mL) and
inserted into the rabbit tibiae. Noncoated implants were used as controls. After 2 weeks of healing, the implants were removed
and subjected to morphological analysis using scanning electron microscopy (SEM) and gene expression analysis using the real-
time reverse transcriptase-polymerase chain reaction (RT-PCR). Results. SEM revealed bony tissue attachment for both control
and test implants. Real-time RT-PCR analysis showed that the expression of osteoblast markers RUNX-2, osteocalcin, alkaline
phosphatase, and collagen I was higher (1.62-fold, 1.53-fold, 1.97-fold, and 1.04-fold, resp.) for the implants modified by laminin-
1 relative to the control. All osteoclast markers investigated in the study presented higher expression on the test implants than
controls as follows: tartrate-resistant acid phosphatase (1.67-fold), calcitonin receptor (1.35-fold), and ATPase (1.25-fold). The
test implants demonstrated higher expression of inflammatory markers interleukin-10 (1.53-fold) and tumour necrosis factor-α
(1.61-fold) relative to controls. Conclusion. The protein-doped surface showed higher gene expression of typical genes involved in
the osseointegration cascade than the control surface.

1. Introduction

The osseointegration cascade begins immediately after the
implant is placed in the bone, where the blood contiguously
interacts with the implant surface. Irrespective of the bioma-
terial, surface topography, or wettability status of the surface,
the initial contact with blood will rapidly attract proteins [1],
which in turn will initiate the process of bone formation [2,
3]. In fact, protein adsorption to the implant surface has been
suggested to be important for the osteoconduction stage of
osseointegration [4–6]. Studies have also investigated the

significance of the protein-implant interaction phenomenon
[7–9], in which some proteins significantly enhance migra-
tion, attachment, proliferation, and differentiation at the
implant surface [8]. Protein adsorption to biomaterials is
intriguing since one specific protein never remains in a single
niche for extended periods of time and constantly undergoes
alterations depending on its molecular weight [10]. The
so-called “Vroman effect” is an indication that proteins
play different roles in biological reactions. For example, the
effect of plasma fibronectin has been thoroughly studied
along with bone biomechanical properties, and it has been
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reported to play an important role in the migration and
attachment of mesenchymal cells and to be a regulator of
bone density [11, 12]. Another example is collagen type
I, which is the major constituent protein of the bone
matrix, assembles in the presence of fibronectin [13], and
is thereby considered indispensible protein for osteogenesis
[14]. Hence, intentionally doping implant surfaces with
proteins that have direct relationship with osteogenic events
such as bone matrix formation may improve both the quality
and the quantity of osseointegration [8, 15–18].

When protein doping implant surfaces that are typically
textured (rough), further topographical alterations may
occur and might therefore affect cell adhesion and differenti-
ation by potentially enhancing the effects of adsorbed protein
layers [19]. In addition, it has been suggested that substrate
surfaces possessing nanostructures show a high affinity for
protein adsorption [20–22]. As reported by Puckett et al.,
intentionally applied nanogrooved surfaces presented higher
fibronectin attachment compared to the control surfaces
(no grooves) [21]. Such surface topography may be suitable
for sustaining higher volumes of target proteins and thus
may facilitate implant adherence for a longer duration [8],
supposedly owing to the augmented surface area rendered
by such length scale texturization. It has been reported that
cell morphology, cytoskeleton and adhesion formation, and
then subsequent cell growth and differentiation are altered by
nanotopographies, thereby stimulating the osteoprogenitor
cell differentiation towards an osteoblastic phenotype [23].
These findings are confirmed by another study conducted
in human embryonic palatal mesenchymal cells. Apart from
alterations in cell morphology, it was demonstrated that an
increased gene expression of the osteoblastic markers, Runx-
2, and osteocalcin was evident when the cells were cultured
on rough and grooved implant surfaces as compared to tissue
culture plastic [24].

In the present study, we have focused on a potential
osteogenesis-enhancing protein, namely, laminin-1, which
is a heterotrimeric glycoprotein that contains an arginine-
glycine-aspartic acid (RGD) sequence [25]. RGD is an
integrin receptor binder, which is commonly found within
the extracellular matrix proteins, and is the most widely
occurring cell adhesive motif recognised by about 50% of
all known integrins such as α2β1, α3β1, α5β1, αVβ1, αVβ3,
αVβ5, and α6β4 [26]. It has been reported that when applied
to implant surfaces, the RGD sequence-impregnated mod-
ification significantly hastens osseointegration [27, 28] and
upregulates the osteoblast focal adhesion through integrin-
mediated mechanisms [29]. Besides the well-known bone
forming ability of the RGD sequence, another interesting
feature of laminin-1 is that it has the ability to selectively
recruit osteoprogenitor cells [30].

Another reported feature of the laminin-1 is that it may
possibly act as a nucleation center for the precipitation of
calcium phosphates (CaP) [31]. It was shown that in a model
using the simulated body fluid (SBF), the titanium surface
presented more CaP precipitation when laminin-1 was added
to the SBF than SBF alone. Thus, it can be hypothesised
that this unique protein may have an impact on the initial
responses of implant-bone interactions.

The aim of the present study was to dope an implant
surface presenting nanostructures with laminin-1 and
observe the biological response at the implant interface. We
hypothesised that the addition of laminin-1 would enhance
osteogenic markers in the early stages of osseointegration.
To test our hypothesis, implants were placed in rabbit tibiae
for two weeks; bone morphology and total mRNA were
extracted to evaluate the expression of genes involved in the
inflammation and bone remodelling processes.

2. Materials and Methods

2.1. Surface Characterization. Scanning electron microscopy
(SEM) (LEO 440-Zeiss, Oberkochen, Germany) was used for
the assessment of surface morphology.

The topography of the control implants was charac-
terized using an interferometer (MicroXam; ADE Phase
Shift Technology Inc., Tucson, AZ, USA). The parametric
calculation was performed after form errors and waviness
were removed with a 50 μm × 50 μm Gaussian filter. The
following three-dimensional parameters were selected: Sa
(μm), the arithmetic average height deviation from a mean
plane; Sds (μm−2), the density of summits, and Sdr (%),
the developed surface ratio. Three implants were randomly
selected for the analysis.

2.2. Implants and Laminin Coating. Commercially pure
titanium (Grade 4) implants (Neodent, Curitiba, Parana,
Brazil, length, 2 mm; diameter, 1.5 mm) were used. The
surface was nanotextured by treating it with a solution
consisting of equal volumes of concentrated H2SO4 and 30%
aqueous H2O2 for 2 h at room temperature under sterile
conditions [32].

Laminin-1 (L2020, Sigma-Aldrich, Stockholm, Sweden)
was diluted to a concentration of 100 μg/mL in Dulbecco’s
phosphate-buffered saline (DPBS) without CaCl2 or MgCl2
(14190-094; GIBCO, Invitrogen Corporation, Grand Island,
NY, USA). The implants were subsequently incubated in
48-well plates (Nunclon Surface, Nunc, Roskilde, Denmark)
containing 250 μL of the laminin solution per well for 1 h at
room temperature.

To characterize the coated laminin-1, ellipsometry was
used in order to estimate the amount of adsorbed laminin-
1 on optically smooth titanium surfaces. The descriptive
methodology can be found in a study by Linderbäck
et al. [33]. In brief, cleaned SiO2 surfaces were placed in
an evaporation chamber with final pressure below 1 ×
10−8 Torr. Approximately 200 nm of titanium was physical
vapour deposited (PVD) and spontaneously oxidized at
room conditions. Thereafter, the prepared surfaces were
fixed in the ellipsometric quvette filled with PBS at room
temperature. Angles Δ0 and Ψ0 were measured in three
locations with a Rudolph Research AutoEL III ellipsometer
operating in a wavelength of 632.8 nm at a 70◦ angle of
incidence. The quvette was emptied and filled with laminin-
1 solution and new angles Δ and Ψ were calculated. The
thickness of the adsorbed protein was estimated to be 26 Å
by using the MacCrackin algorithm [34].
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2.3. Animals and Implant Surgery. Nine lop-eared male
rabbits (mean body weight, 4.0 kg) were used for the study.
One test (laminin-1-coated) implant and one control (non-
coated) implant were inserted into the left and right tibial
metaphysis, respectively. The animal study was approved by
the Malmö/Lund, Sweden regional animal ethics committee
(approval number: M282-09).

Before surgery, the hind legs were shaved and disinfected
with 70% ethanol and 70% chlorhexidine. The animals were
anaesthetised with intramuscular injections of a mixture
of 0.15 mL/kg medetomidine (1 mg/mL Dormitor; Orion
Pharma, Sollentuna, Sweden) and 0.35 mL/kg ketamine
hydrochloride (50 mg/mL Ketalar; Pfizer AB, Sollentuna,
Sweden). Lidocaine hydrochloride (Xylocaine; AstraZeneca
AB, Södertälje, Sweden) was administrated as the local
anaesthetic at each insertion site at a dose of 1 mL. After the
operation, buprenorphine hydrochloride (0.5 mL Temgesic;
Reckitt Benckiser, Slough, UK) was administered as an
analgesic for 3 days. After 2 weeks, the rabbits were sacrificed
with an overdose (60 mg/mL) of pentobarbital natrium
(Apoteksbolaget AB, Stockholm, Sweden).

2.4. Observation of the Implant Interface by SEM. Implants
from both groups (n = 3) were removed from the tibiae,
cleaned in 4% neutral-buffered formaldehyde solution for
10 min, dehydrated using an ascending series of ethanol, and
dried. The retrieved implant samples were observed using
SEM under various magnifications.

2.5. Extraction of RNA and Real-Time RT-PCR. For gene
expression analysis, both control and test groups from all 9
rabbits were removed and the retrieved samples were placed
in RNA later solution (QIAGEN GmbH, Hilden, Germany)
until analysis. In order to obtain detectable RNA, each of
the 9 samples in the control and test groups were pooled for
RNA isolation. Total RNA was isolated from the surrounding
tissue using Trizol reagent (Gibco BRL, Carlsbad, CA,
USA) and EZNA tissue RNA isolation kit (Omega Bio-Tek,
Norcross, GA, USA). Total RNA was quantified using a
nanodrop spectrophotometer (Thermo Scientific NanoDrop
Technologies, Wilmington, DE).

The reverse transcription reaction test was performed
according to the manufacturer’s instructions, using the high
capacity cDNA archive kit (Applied Biosystems, Foster City,
USA). 600 ng total RNA was mixed with 100 uL reaction vol-
ume of reverse transcriptase (RT) buffer, primers, nuclease-
free water, and MultiScribe RT.

Real-time quantitative PCR was conducted under stan-
dard enzyme and cycling conditions on a StepOne system,
using custom-designed real-time assays and SYBR green
detection (PrimerDesign Ltd., Southampton, UK) (Table 1).
cDNA corresponding to 6 ng of mRNA was used in each
PCR reaction, and mixtures were prepared according to
the manufacturer’s instructions in 10 μL triplicates for each
target cDNA. Amplification was carried out in 96-well ther-
mal cycle plates on a StepOne system (Applied Biosystems).
The data were analysed using a comparative Ct method
by StepOne. Gene expression levels were normalized with

the housekeeping gene β-actin. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) served as an endogenous control.

3. Results

3.1. Implant Characterization. The SEM image for the sur-
face of the nanostructures is presented in Figures 1(a)–1(c),
which depicted homogeneous nanostructures covering the
entire implant surface. Nanostructures below 50 nm were
identified at higher magnification images (Figure 1(c)).

The mean Sa ± (SD) was 0.28 ± (0.07) μm; Sds ±
(SD) was 195,203 (7,871); Sdr ± (SD) was 8.15 (0.53)%.
Figure 1(d) shows three-dimensional optical interferometry
image of the surface.

3.2. Scanning Electron Microscopic Observation of the
Retrieved Implants. Out of the 3 samples of each group, Fig-
ures 2(a)–2(d) present representative electron micrographs
for the samples that remained for 2 weeks in vivo. In both
control and test implants, remnants of some bony tissue
were visible. No remarkable morphologic and quantitative
differences were observed between the 2 groups.

3.3. Gene Expression. The results of real-time RT-PCR are
presented in Figure 3. In general, the osteoblast markers
that presented higher expression in the case of the test
implants were RUNX-2 (1.62-fold), osteoclcin (1.53-fold),
alkaline phosphatase (ALP) (1.97-fold), and collagen I (1.04-
fold). On the other hand, the expression of IGF-1 was low
(0.84-fold). In the case of the test implants, all osteoclast
markers investigated in the present study showed higher
expression for the experimental group relative to control,
namely, tartrate-resistant acid phosphatase (TRAP) (1.67-
fold), calcitonin receptor (1.35-fold), and ATPase (1.25-
fold). The inflammatory markers that showed higher expres-
sion for the test implants than the control implants were IL-
10 (1.53-fold) and TNF-α (1.61-fold), whereas IL-6 showed
lower expression (0.59-fold).

4. Discussion

Protein doping is considered one of the promising methods
of surface modifications for hastening the early stages of
osseointegration both qualitatively and quantitatively [8,
27, 35, 36]. In most studies concerning protein doping of
implant surfaces, the beneficial enhancements were primarily
restricted to the initial stages of healing and have been
shown to have smaller effects when longer periods of
experimental time were observed. Such early effect may
be related to competitive protein adsorption, and thereby
given the protein adsorption desorption dynamics at the
implant surface region, protein doping of implant surfaces
is indeed expected to be effective in the initial stages of
osseointegration. Such an improvement and upregulation of
the early bone response is of great clinical importance since
it is in both practitioners’ and patients’ interest that implants
osseointegrate faster for shortening the treatment period.
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Table 1: Primers used and specific parameters of the real-time PCR.

Gene Primer sequence Tm Amplicon size (bp) Primer source

ALP
S TGGACCTCGTGGACATCTG

75 80 Oryctolagus cuniculus
A CAGGAGTTCAGTGCGGTTC

ATPase
S CCTGGCTATTGGCTGTTACG

77.7 98 Oryctolagus cuniculus
A GCTGGTAGAAGGACACTCTTG

Calcitonin receptor
S CGTTCACTCCTGAAAACTACA

72.6 128 Oryctolagus cuniculus
A GCAACCAAGACTAATGAAACA

Collagen I
S GGAAACGATGGTGCTACTGG

80.4 83 Oryctolagus cuniculus
A CCGACAGCTCCAGGGAAG

IGF-1
S CCGACATGCCCAAGACTCA

70.3 81 Oryctolagus cuniculus
A TACTTCCTTTCCTTCTCCTCTGA

IL-6
S GAGGAAAGAGATGTGTGACCAT

73.5 104 Oryctolagus cuniculus
A AGCATCCGTCTTCTTCTATCAG

IL-10
S CCGACTGAGGCTTCCATTCC

73.3 75 Oryctolagus cuniculus
A CAGAGGGTAAGAGGGAGCT

Osteocalcin
S GCTCAHCCTTCGTGTCCAAG

77.8 70 Oryctolagus cuniculus
A CCGTCGATCAGTTGGCGC

Runx2
S GCAGTTCCCAAGCATTTCATC

72.8 81 Oryctolagus cuniculus
A GTGTAAGTAAAGGTGGCTGGATA

TNF-α
S CTCACTACTCCCAGGTTCTCT

78.2 122 Oryctolagus cuniculus
A TTGATGGCAGAGAGGAGGTT

TRAP
S GCTACCTCCGCTTCCACTA

78.5 129 Oryctolagus cuniculus
A GCAGCCTGGTCTTGAAGAG

β-actin
S CACCCTGATGCTCAAGTACC

76.4 96 Oryctolagus cuniculus
A CGCAGCTCGTTGTAGAAGG

The results obtained by RT-PCR showed distinct dif-
ferences between the nanostructured surface with/without
laminin-1-coating. Evaluation of the selected osteoblasto-
genesis-related markers revealed that most of the markers
showed higher expression around laminin-1-coated implants
relative to the control implant group. It is of great interest
that the expression levels of ALP, RUNX-2, and collagen
I were higher in the case of the laminin-1-coated implant
since these markers are indicators of higher osteoprogenitor
and osteoblast precursor activity [37]. In addition, the
higher expression of osteocalcin, the specific marker for
bone formation, indicates that the differentiation activity
of cells into osteoblasts was upregulated around laminin-1-
coated implants [38]. On the other hand, lower amounts
of IGF-1 expression (reported to promote osteoblast activity
[39] and osteoblast proliferation [40]) were detected around
laminin-1-coated implants, indicating that the proliferation
activity at the interface was suppressed. While our results
are contradictory concerning the early osteogenic events,
osteoblast proliferation and differentiation activity have been
previously reported to be contradictory [41, 42]. Thus,
the doped laminin may have suppressed proliferation while
upregulating differentiation.

Osteoclast-mediated bone resorption around dental
implants plays an important role in bone remodelling and
thereby osseointegration establishment and maintenance
[43, 44]. In the present study, all osteoclastic markers
tested presented higher expression for the laminin-1-coated
implant. It has been reported that osteoblastogenesis and
osteoclastogenesis transact and regulate each other through
the receptor activator of nuclear factor-kappa B ligand
(RANKL)/RANK/osteoprotegerin (OPG) system pathway
[45, 46]. Thus, we speculate that the higher level of osteoblas-
tic gene expression may have induced higher osteoclastic
gene expression. In the present study, the osteoclastic activity
may have been highly active due to mutual interactions after
surface doping with laminin. It is well recognized that inte-
grin αVβ3, which is highly produced by osteoclasts, presents
high affinity for the RGD-motif, which is included in many
of the extracellular matrix proteins. Although this might be a
non-laminin specific mechanism, another integrin molecule,
that is, α2β1, is also expressed by mammalian osteoclasts and
is highly specific for laminin and collagen. Thus, the increase
in osteoclast proliferation denoted by higher levels of TRAP
and calcitonin receptor may be laminin specific directly by
means of laminin/α2β1 interaction [47].
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Figure 1: SEM micrographs of nanoroughened implant surface before protein coating (magnification (a) ×5,000, (b) ×32,000, and (c)
×70,000). (d) Interferometer image of nanoroughened implant surface before protein coating (measurement area: 260 mm × 200 mm).
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Figure 2: Scanning electron micrographs of retrieved implants for (a) nanoroughened implant surface (control), (b) nanoroughened
implant surface + laminin-1 (test) (magnification×500), (c) higher magnification of the nanoroughened implant surface (control) (×5000),
and (d) higher magnification of the nanoroughened implant surface + laminin-1 (test) (×5000).



6 International Journal of Biomaterials

0

0.5

1

1.5

2

0

0.5

1

1.5

0

0.5

1

1.5

2
2.5

R
el

at
iv

e 
m

R
N

A
 

ex
pr

es
si

on

R
el

at
iv

e 
m

R
N

A
 

ex
pr

es
si

on

R
el

at
iv

e 
m

R
N

A
 

ex
pr

es
si

on

0

0.5

1

1.5

0

0.5

1

1.5

2

R
el

at
iv

e 
m

R
N

A
 

ex
pr

es
si

on

0

0.5

1

1.5

2

R
el

at
iv

e 
m

R
N

A
 

ex
pr

es
si

on

R
el

at
iv

e 
m

R
N

A
 

ex
pr

es
si

on

0

0.5

1

1.5

R
el

at
iv

e 
m

R
N

A
 

ex
pr

es
si

on

0

0.5

1

1.5

R
el

at
iv

e 
m

R
N

A
 

ex
pr

es
si

on

0

0.5

1

1.5

2

R
el

at
iv

e 
m

R
N

A
 

ex
pr

es
si

on

0

0.5

1

1.5

2

R
el

at
iv

e 
m

R
N

A
 

ex
pr

es
si

on

0

0.5

1

1.5

R
el

at
iv

e 
m

R
N

A
 

ex
pr

es
si

on

ALP

Control Test Control Test Control Test

Control Test Control Test

Control Test Control Test

Control Test Control Test

Control Test

Control Test

Osteocalcin Runx2

Calcitonin receptor Collagen I TRAP

IGF-1

ATPase
IL-6

IL-10 TNF-α

Figure 3: Gene expressions of bone formation markers by real-time RT-PCR for the non-laminin-1-coated (control) and -coated (test)
groups. After 2 weeks, the surrounding tissues of implants were collected and total RNA of pooled samples was isolated. The osteogenic
markers (ALP, osteocalcin, Runx2, calcitonin receptor, collagen I, TRAP, IGF-1, and ATPase) and inflammation markers (IL-6, IL-10, and
TNF-α) were evaluated and higher values were detected for the experimental group. The relative expressions of target genes were normalized
with housekeeping gene β-actin.

The RT-PCR results also demonstrated that most of the
inflammatory factors were upregulated for the laminin-1-
doped group. Haapasalmi et al. have reported that laminin-
1 localises where inflammation exists, as seen in chronic
periodontal inflammatory responses [48]. Since inflamma-
tory reactions are part of the healing process [49], the
induced inflammatory gene expression further supports
higher degrees of osteogenesis at the laminin-1-coated
implant interface. For example, TNF-α has been proven

to be necessary for intramembranous ossification [50] and
to increase matrix mineralization and the levels of bone
morphogenic protein-2 and alkaline phosphatase in vitro
[51]. These findings are in agreement with the observed
increase of osteoclcin and alkaline phosphatase in our study.

A study in knockout IL-10 mice has demonstrated
decreased gene expression of alkaline phosphatase and
osteocalcin in the absence of the IL-10 gene [52]. Thus, the
elevated levels of IL-10 in our study are well correlated to the
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increased gene expression of those osteoblast markers. Addi-
tionally, IL-6 has been reported to stimulate osteoclastic bone
resorption [53] hence explaining the enhanced expression of
osteoclastic markers.

The SEM investigation depicted similar bone formation
on both surfaces. It is speculated that because of the
early time point, the mechanical attachment strength of
the bone tissue to the implant surface may be low, and
the mineralisation is still in progress. This statement is
further supported by the high gene expression of ALP, which
indicates that bone is still under maturation. For this reason,
it is potentially like that large segment of immature bony
tissues may have detached from the implant interface, rather
than development of a fracture within the bone.

Although the results of this study are preliminary, the
information motivates further investigation of the novel
protein we utilized in the current study as an implant
coating. Further, evaluation of gene expression may help
capture detailed differences, which may be difficult to detect
with the conventional imaging and biomechanical evaluation
techniques.

5. Conclusion

We hypothesised that the addition of laminin-1 would
enhance osteogenic markers in the early stages of osseoin-
tegration. Compared to the noncoated nanostructured
implant surface, the protein-doped nanostructured implant
surface presented higher gene expression of typical genes
involved in the osseointegration cascade, and therefore the
hypothesis of the study was accepted.
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Objective. To investigate whether porcine-derived bioresorbable pericardium membrane coverage enhances the osseointegration
around implants placed in fresh extraction sockets. Study Design. Twenty-four commercially available endosseous implants were
placed in the fresh extraction sockets of the mandibular first molar of mature beagles (n = 6). On one side, implants and osteotomy
sites were covered with porcine-derived bioresorbable pericardium membranes, whereas on the other side, no membranes were
used. After 6 weeks, samples were retrieved and were histologically processed for histomorphometric analysis. Results. The histolog-
ical observation showed that bone loss and soft tissue migration in the coronal region of the implant were evident for the control
group, whereas bone fill was evident up to the neck of the implant for the membrane-covered group. Bone-to-implant contact
was significantly higher for the membrane-covered group compared to the control group, 75% and 45% (P < 0.02), respectively.
Conclusion. The experimental membranes proved to regenerate bone around implants placed in fresh extraction sockets without
soft tissue intrusion.

1. Introduction

The regeneration and healing of bone is a gradual process,
and are constantly prone to soft tissue infiltration, particu-
larly in large defects. In order to enhance the healing process,
and at the same time, to prevent the migration of unwanted
cells, it has been suggested that segregation of the defects via a
membrane barrier is effective [1, 2]. Membranes also sustain
blood clots in place and allow time for bone forming cells
to reconstruct bone unobstructed, which is beneficial for
applications such as implant placement in fresh extraction
sockets.

The surgical and restorative advantages of placing dental
implants in fresh extraction sockets have been discussed

clinically by various authors [3–7] with a sufficient number
of in vivo studies supporting that successful osseointegration
can be achieved in these situations [8–12]. The so-called
immediate implant placement is less invasive and potentially
more efficient than the classic approach, where multiple
surgeries may be needed if using a graft material for the
initial bone healing process. However, one of the surgical
limitations of an immediate implant placement procedure is
that often a socket presents dimensions that may be greater
than the diameter of a conventional implant, which at many
times results in the presence of a substantial gap between the
implant and the socket wall [13] and resorption of the buccal
bone wall [14]. It has been proposed that minimizing the gap
itself by the use of a conical or a wide diameter implant may
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be one of the solutions to overcome this problem [15, 16].
However, it has been suggested that full regeneration of the
bone is a difficult task, since it seems that alveolar bone
resorption to a certain extent is unavoidable regardless of
the type of the implant placed [17]. Therefore, the use of a
membrane material to create a contained atmosphere could
prevent alveolar bone alteration, and simultaneously pro-
mote osseointegration.

Today, a wide variety of membrane materials are com-
mercially available from nonresorbable synthetic to naturally
derived membranes. Nonresorbable synthetic membranes,
such as polytetrafluoroethylene (PTFE), require removal
after 3-4 weeks in order to prevent an immunogenic res-
ponse. For longer periods, there will be a potential risk of
gingival dehiscence, resulting in membrane exposure, more-
over infection [18]. On the other hand, naturally derived
membranes on the market are mainly manufactured from
animal-derived collagen, more specifically, porcine-derived,
which are suggested to be biocompatible and biodegradable
[19, 20]. This degradation minimizes an immunologic res-
ponse, possibly reduces patient follow-up visits, and prevents
further gingival tissue damage, which has been suggested to
be beneficial as compared to the nonresorbable membranes.
Studies using the nonresorbable membranes have indeed
shown successful bone regeneration due to their excellent
space-making and growth factor sustaining properties [21].
However, a recent study showed that even with the resorbable
naturally derived membranes, similar biologic outcomes
may be expected [22]. These materials are typically fab-
ricated from porcine dermis/peritoneum, or pericardium.
Membranes, derived from the porcine peritoneum, are
mechanically weaker than their pericardium counterpart
[23]. Moreover, since peritoneum-derived membrane bar-
riers naturally present a smooth side and a rough side, the
membrane should be oriented in a specific, unidirectional
fashion to ensure clinical success. When compared to dermis
and other dual-layer membranes, the structure of fibrous
pericardium is unique; it has a basement membrane on both
sides, resulting not only in a smooth yet porous surface for
cellular attachment and proliferation, but also in sufficient
density for soft tissue exclusion.

In this study, the bone morphometry and/or morphology
around implants placed in fresh extraction sockets and
covered with pericardium derived collagen membrane was
evaluated and compared to a group without a membrane,
to investigate whether the unique feature of the membrane
could provide enhanced bone regeneration.

2. Materials and Methods

2.1. Surgical Procedures. This study used a commercially
available pericardium membrane (Vitala, Osteogenics, Lub-
bock, TX, USA) and 24 commercially available endosseous
implants of 3.3 × 13 mm (DT Implants- Ossean Surface,
Intra-Lock International, Boca Raton, FL, USA). Following
approval of the bioethics committee for animal experimen-
tation (ENVA, France), six beagle dogs with closed growth
plates (∼1.5 years of age) in good health were acquired for the
study and allowed to acclimate for two weeks before surgery.

All surgical procedures were performed under general anes-
thesia. The preanesthetic procedure comprised of an intra-
muscular administration of atropine sulfate (0.044 mg/kg)
and xylazine chlorate (8 mg/kg). General anesthesia was then
obtained following an intramuscular injection of ketamine
chlorate (15 mg/kg). Bilateral extractions of first mandibu-
lar molars were performed (Figure 1(a)). The procedure
involved a full thickness mucoperiosteal flap; teeth were
sectioned in the buccolingual direction so that individual
roots could easily be extracted by root elevators and forceps
without any damage to the alveolar bone wall. Following
extraction, implants were placed lingually (to replicate the
clinical situation) in the mesial and distal sockets, at the
buccal bone crest level (Figure 1(b)). Upon measuring with
a periodontal probe, it was made sure that a gap of at least
3 mm (range 3.2 to 4.5 mm) was present between the implant
body and the buccal side of the alveolar bone.

On the right side of the mandible, the implants were
covered with Vitala (Figure 1(c)); the implants on the con-
tralateral side were used as controls. All implants were placed
following the manufacturer’s surgical protocol, and primary
closure was achieved with resorbable sutures (3-0 Vicryl,
Ethicon; Figure 1(d)). Postsurgical medication included
antibiotics (penicillin, 20.000 UI/kg) and analgesics (keto-
profen, 1 mL/5 kg) for a period of 48 hours postoperatively.
The animals were euthanized 6 weeks after the implant sur-
gery. The euthanasia was performed by anesthesia overdose.

2.2. Histological Processing and Quantitative Analysis. Bone
block explants consisting of the test and control groups were
harvested and processed. The bone blocks were kept in 10%
buffered formalin solution for 24 hours, washed in running
water for 24 hours, and gradually dehydrated in a series
of ethanol solutions ranging from 70% to 100%. Following
dehydration, the samples were embedded in a methacrylate-
based resin (Technovit 9100; Heraeus Kulzer, Wehrheim,
Germany) according to the manufacturer’s instructions. The
blocks were then cut into slices (300 µm thickness) aiming
at the center of the implant along its long axis with a pre-
cision diamond saw (Isomet 2000; Buehler, Lake Bluff, IL),
glued to acrylic plates with an acrylate-based cement, and
a 24-hour setting time was allowed before grinding and
polishing. The sections were then reduced to a final thickness
of ∼30 µm by means of a series of SiC abrasive papers (400,
600, 800, 1200, and 2400; Buehler) in a grinding/polishing
machine (Metaserv 3000, Buehler) under water irrigation.
The sections were then toluidine blue stained and referred for
optical microscopy evaluation. The histologic features were
qualitatively evaluated at 50x to 200x magnifications (Leica
DM2500M; Leica Microsystems, Wetzlar, Germany). The
amount of bone-to-implant contact (BIC) and buccal bone
loss (BBL) were calculated by means of a computer soft-
ware (Leica Application Suite, Leica Microsystems GmbH,
Wetzlar, Germany). The regions of bone-to-implant contact
along the implant perimeter were subtracted from the
total implant perimeter, and calculations were performed to
determine the BIC. Wilcoxon matched-pairs test at 95% was
utilized for statistical evaluation.
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Figure 1: (a) Following sectioning, the teeth were extracted and (b) two 3.3 mm × 13 mm implants were placed in each of the sockets. (c) In
one of the sides, a collagen-based membrane was placed and (d) extraction sockets with implants in place were closed with standard suture
techniques.

500 µm

Figure 2: Optical micrograph depicting the new bone filling the gap
between the extraction socket wall and implant surface, a common
finding for both experimental and control groups.

3. Results

3.1. Histological and Histomorphometrical Evaluation. The
surgical procedures and followup demonstrated no compli-
cations or other immediate clinical concerns. There were no
signs of infection or inflammation at the surgical sites or
surrounding tissues throughout the duration of the study.

At 6 weeks, the qualitative analysis of the histologic
sections showed for both groups, regions of direct bone-
to-implant contact and new woven bone bridging the gap
between implant and the old bone of the socket walls
(Figure 2). Apical migration of soft tissue resulting in lower
cervical to apical bone to implant first contact was observed
for the implants in the control group (Figure 3). In the

L B

Figure 3: Merged optical micrograph depicting the control group,
where the immediate implant placed at the mesial molar socket was
not covered with a resorbable membrane prior to suturing. For this
group, apical migration (arrows) occurred at both buccal (B) and
lingual (L) aspects resulting in lower bone insertion levels along the
length of the implant.

experimental group, where the implants were covered by
the membrane at the time of placement, an intimate
contact between implant and bone was observed throughout
the implant level (Figure 4). Higher magnification optical
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Figure 4: Merged optical micrograph depicting the experimental
group, where the immediate implant placed at the mesial molar
socket was covered with a resorbable membrane prior to suturing.
For this group, extensive apical migration (arrows) did not occur at
both buccal (B) and lingual (L) aspects resulting in osseointegration
at higher levels relative to the control side. The red and blue boxes
are described in detail in Figure 5.

micrographs of an experimental group section are presented
in Figure 5.

Quantitative analysis of the test group rendered a signif-
icantly higher BIC in comparison to the BIC observed for
the control group, 75% versus 45% (P < 0.02), respectively.
The sites that were covered with the membrane presented
a 0.7 mm buccal bone loss which was significantly lower
than the control group that showed a 2.5 mm loss in buccal
plate (P < 0.02, Figure 6). The implantation site within arch
(mesial or distal) did not influence BIC or BBL in either
control or test groups (P > 0.80).

4. Discussion

Immediate implant therapy has been proven to be a success-
ful clinical treatment, since it is less invasive and is beneficial
in shortening the treatment period [24, 25]. The survival
rate of immediately placed and loaded implants over a 7–
10 year followup varies between 85 and 91%, depending on
location of the implant [26]. Following tooth extraction, a
discrepancy between the diameter of the extraction socket
and an immediate implant renders a gap that can influence
the osseointegration of the implant by allowing apical soft
tissue migration. In this study, the implants placed in
the fresh extraction sockets of dogs showed appropriate
osseointegration with direct bone-implant-contact when an
occlusive collagen pericardial membrane barrier was used.

Previous studies have shown that the gap width was one
of the decisive factors in order to achieve implant osseoin-
tegration [27]; for instance, a gap ranging 0.35–1 mm was
shown to result in incomplete bone healing around the

ST

2 mm

(a)

2 mm

(b)

Figure 5: (a) Optical micrograph depicting the lingual aspect of
the section presented in the red box in Figure 3. The dashed red
line represents the implant cervical level (immediately below the
implant cover screw). New bone formation through the course of
six weeks resulted in higher levels than at the time of placement (red
arrow). The soft tissue (ST) limited migration likely occurred due to
membrane movement during suture where it partially bent in the
apical direction allowing tissue migration. (b) Optical micrograph
depicting the buccal aspect of the section presented in the blue box
in Figure 4. The dashed red line represents the implant cervical level
(immediately below the implant cover screw). New bone formation
through the course of six weeks resulted in bone height maintenance
and closure of the gap between implant surface and socket wall. For
this section, no soft tissue apical migration occurred.

implants [28, 29]. Knox et al. evaluated the coronal posi-
tioning of the bone-to-implant contact in dogs, in gaps up
to 2 mm without the placement of a membrane [30]. Their
results showed that the level of coronal bone position along
the implant surface was dependent on the initial gap between
alveolar bone and implant. These conclusions are supported
by the results obtained from the current study where, by
eliminating apical soft tissue migration over the implant by
means of a membrane barrier, higher levels of BIC, lower
buccal bone loss, and a more coronal direct bone apposition
was observed compared to controls.

Although implant surface and implant design play an
important role in the osseointegration and survival of
implants in fully healed bone [31], the data may not be fully
applicable in sites such as implant placement in extraction
sockets or in immediate loading conditions [25]. Under pro-
gressive and dynamic ridge alteration, the effect of the state
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Figure 6: Wilcoxon matched paired test revealed (a) significant higher BIC to the experimental group (P < 0.02), and (b) significantly lower
buccal bone loss for the membrane group compared to the control group (P < 0.02).

of the art surface architecture may be less effective, and the
biological reassembly takes initiative in the configuration
procedure [14]. Thus, in order to successfully obtain bone
fill and osseointegration in a gap created during implant
placement in fresh extraction sockets, additional regenerative
procedures such as the guided soft tissue/bone regeneration
(GTR/GBR) with the use of occlusive membranes may be
necessary to maintain space for blood clot infiltration and
maturation, further to exclude soft tissue invasion [32].

The appropriate bone regenerative outcomes around the
implants placed in fresh extraction sockets of the current
study has indicated that the use of membrane to cover the
gap is an effective procedure. This is in agreement with other
studies using a commercially available bioresorbable mem-
brane, which presented that the use of such membrane con-
tributed to the preservation of the buccal outline of the alve-
olar process [33, 34]. Moreover, the structural characteristics
of the pericardium-derived porcine membrane may have
been responsible for further bone enhancing effects since
our histologic sections did not show extensive membrane
collapsing into the gap between the socket wall and implant
bulk. Mechanical property wise, it has been reported that
these membranes possess a better tensile strength and
ball burst than other collagen membranes derived from
small intestine submucosa (peritoneum) or acellular dermal
matrix [35]. With regards to the structure of the membrane,
the noncross linked matrix derived from the porcine peri-
cardium has a bionic feature [36], which has been suggested
to be a key factor for cell migration and morphogenesis [37].

To conclude, the findings of the present study showed
that using a bioresorbable, pericardium membrane resulted
in significantly higher BIC and a closer fit between the bone
margin and the abutment-fixture margin as compared to
sites without membrane coverage. Although it has not been
compared to other membrane materials in the present study,
the outcomes of this study strongly suggests the bioeffective-
ness of the biologically inspired design membrane in chal-
lenging cases such as implant placement in the fresh extrac-
tion sockets. Another aspect to further clarify the effect of

the membrane is to identify the time course changes in rela-
tion to the anatomical landmarks as presented in numerous
studies conducted by Araújo et al. [38–40]. In order to bring
in clinical benefits, further investigations comparing the
pericardium membrane to other membrane materials which
are clinically used are necessary.
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Statement of Problem. The chemical or topographic modification of the dental implant surface can affect bone healing, promote
accelerated osteogenesis, and increase bone-implant contact and bonding strength. Objective. In this work, the effects of dental
implant surface treatment and fibronectin adsorption on the adhesion of osteoblasts were analyzed. Materials and Methods.
Two titanium dental implants (Porous-acid etching and PorousNano-acid etching followed by fluoride ion modification) were
characterized by high-resolution scanning electron microscopy, atomic force microscopy, and X-ray diffraction before and after the
incorporation of human plasma fibronectin (FN). The objective was to investigate the biofunctionalization of these surfaces and
examine their effects on the interaction with osteoblastic cells. Results. The evaluation techniques used showed that the Porous and
PorousNano implants have similar microstructural characteristics. Spectrophotometry demonstrated similar levels of fibronectin
adsorption on both surfaces (80%). The association indexes of osteoblastic cells in FN-treated samples were significantly higher
than those in samples without FN. The radioactivity values associated with the same samples, expressed as counts per minute
(cpm), suggested that FN incorporation is an important determinant of the in vitro cytocompatibility of the surfaces. Conclusion.
The preparation of bioactive titanium surfaces via fluoride and FN retention proved to be a useful treatment to optimize and to
accelerate the osseointegration process for dental implants.

1. Introduction

The phenomenon of endosseous implant osseointegration,
conceptualized by Branemark as the “direct, structural and
functional link between the living and orderly bone and the
surface of an implant subjected to functional loads” [1], is
fundamental to the success of dental implant applications.
Commercially pure titanium (cp Ti) is the main material
used for this purpose because it has good biocompatibility
and adequate mechanical strength. Ti exposed to oxidizing
agents spontaneously forms a 10-100 Å thick titanium oxide
layer. This layer is stable in most media, especially under
physiological conditions, and, surgically, it shows no change
in thickness or corrosion. This ensures implant-bone tissue

interaction and osseointegration [2]. The reactions of the
tissue host with the biomaterial are determined by the surface
properties of the biomaterial. The dental implant surface
treatment should induce the differentiation of the desired
cells [3]. Surface treatments of available implants promote
changes in the mechanical, microstructural, and physical
properties, as well as the wettability, energy, chemical
composition, and density of chemical groups or molecules
on the surface [2, 4].

This paper shows that the bone-implant interface
strength is greater in dental implants with rough surfaces
than in those with smooth surfaces [5, 6]. Treatments to
increase the surface area for fibrin adhesion encourages
implant adhesion. The presence of these surfaces also
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increases platelet activation, which produces large gradients
of cytokines and growth factors through which leuko-
cytes and osteogenic cells can penetrate the healing site
[7]. Titanium surfaces coated with proteins can influence
host reactions and thus enhance tissue integration [4].
Fibronectin is a major adhesion protein in the extracellular
membrane, and it is important for cell adhesion, migration,
proliferation, differentiation, and survival because it facili-
tates focal contacts with the receptors.

Appropriate changes in dental implant surface roughness
can produce better anchoring strength and mechanical lock-
ing in the early stages of osseointegration [2, 6]. Moreover,
surfaces with different microtopographies provide a larger
area for fibrin adhesion, potentiate platelet activation, and
favorably affect local angiogenesis and cellular functions
including migration, alignment, orientation, attachment,
and differentiation [5, 6].

Johansson et al. [8] observed that surfaces treated with
fluoride are smoother than sandblasted surfaces but that
fluoride-treated surfaces showed higher calcium-phosphorus
binding capacity, which could indicate an increased ability of
the surface to react with calcified tissues and promote inte-
gration between bone and implant. According to Ellingsen
and Lyngstadaas [9], in vitro tests have shown that titanium
fluoride treatments have a greater capacity for the nucleation
of phosphate crystals than sandblasted Ti implants. In
vivo fluoride ion-modified implants have generally proven
superior to sandblasted surfaces in terms of osseointegration,
ultimately increasing the removal torques.

Fibronectin is a major extracellular matrix protein that is
known to promote cell attachment and spreading, differenti-
ation, and phagocytosis. It is a dimeric glycoprotein found
in all vertebrates in two basic forms: soluble (plasma and
other fluids) and insoluble (extracellular matrix of various
tissues). It has a molecular weight between 440 and 500 kDa.
Disulfide bridges link one subunit to another via sites near
the carboxy termini of each subunit. The fibronectin protein
has folds that lead to structural remodeling and various
conformations according to the medium [10–12].

Fibronectin (FN) functions in cell adhesion, migra-
tion, survival, proliferation, and differentiation as well as
tissue organization. The FN molecule can interact with
other biomolecules, such as collagen, proteoglycan, heparin,
hyaluronic acid, fibrin/fibrinogen, plasmin, gangliosides,
complement components, and also integral proteins of cell
plasma membrane-integrins, as well as with itself [13].

Menezes [10] conducted a study to assess the inter-
action of human osteoblasts with films of human plasma
fibronectin prepared under different pH conditions. The
results showed no quantitative differences in the interaction
of human osteoblastic cells (HOB) to different coatings, but
qualitative differences were observed; osteoblasts adhered to
each of the substrates in very different ways. The largest areas
of cells adhesion were observed for substrates preincubated
at 4.5 pH.

Petrie et al. [14] conducted a clinical study to evaluate
the effects of specific bioactive coatings on the healing of
bone tissue and the osseointegration of titanium dental
implants. The author showed that surfaces containing a

FN fragment for the integrin α5β1 (FNIII7−10) increase
osteoblastic differentiation and optimize tissue formation
and functional integration compared with untreated surfaces
or surfaces containing only the RGD sequence.

The purpose of this study was to evaluate the effect of the
fluoride treatment of cp titanium samples on the adhesion
and proliferation of osteoblastic cells on surfaces with and
without fibronectin coating.

2. Materials and Methods

2.1. Samples. Implants and discs of grade 4 machined cp Ti
were provided by Conexão Sistemas de Prótese (Arujá, SP,
Brazil). Samples were submitted to surface treatment and
divided into four groups:

Porous: samples treated in acidic solutions con-
taining HNO3, H2SO4, and HCl (surface treatment
similar to Porous implants available from Conexão
Sistemas de Prótese);

PorousNano: treatment similar to Group 1 followed
by fluoride ion modification by immersion for one
hour in a solution containing fluorine ions;

Porous-FN: treatment similar to Group 1 with FN
incorporation;

PorousNano-FN: treatment similar to Group 2 with
FN incorporation.

After treatments, samples from the Porous and Porous-
Nano groups were washed with distilled water and absolute
alcohol, dried in oven at 70◦C for two hours, and packed and
sterilized by gamma irradiation (25 kGy).

2.2. Surface Characterization. To characterize the surface
morphology and identify differences in samples submitted
to treatments with acids and/or fluorides, the samples
were characterized by a high-resolution scanning electron
microscopy (FEG/EDS, Philips XL30FEG). The results were
complemented by analysis with an MFP-3D atomic force
microscope (Asylum Research, CA, USA) operating in con-
tact at room temperature mode. The cantilevers used were
V shaped, NP-S model (Veeco Probes, CA, USA) with an
0.08 N/m spring constant, and calibrated using the thermal
noise method. To reduce damage to samples and reduce
noise, images were acquired using low-frequency scanning
(1.0 Hz) with 256 × 256 pixel resolution. Image processing
was performed in the program IGOR PRO (WaveMetrics,
Portland, OR, USA) using a MFP-3D platform developed by
Asylum Research.

2.3. Identification of Crystalline Phases. An X-ray diffrac-
tometer was used to identify crystalline phases on discs.
X-ray diffraction for the analysis of thin films (grazing
incidence technique) was conducted at 40 kV and 30 mA. A
copper anode was used (Cu − Kα = 1, 542 Å) with an RU
200B model Rigaku generator and 0.02◦ step/minute.

2.4. Fibronectin Incorporation. Human serum fibronectin
(Sigma-Aldrich Co., São Paulo, Brazil)) was diluted to
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10 g/mL, pH 4.5 in previously filtered 20 mM sodium
acetate (Reagen Laboratory Products, Paraná, Brazil) buffer
solution. NaCl was added to the solution to maintain the
medium’s ionic strength between 0.145 and 0.150 mol·dm−3.

Samples from the Porous and PorousNano groups were
coated with fibronectin at room temperature for 2 hours.
Substrates with FN were washed with PBS (phosphate
[0.01 M] buffered saline [0.15 M], pH 7.2) to remove non-
adsorbed molecules. Then, the adsorbed molecules were
detached using 0.1% trypsin and PBS. One to two minutes
later, the excess was removed, and the resulting solution was
collected and analyzed with a Spectrum 22PC spectropho-
tometer to quantify the adsorbed molecules. Spectropho-
tometry was also used to determine the FN’s absorbance on
both surfaces (protein concentration in solutions that absorb
radiation). Negative (PBS) and positive (FN suspension
100 μg/mL) controls were performed. The wavelength used
was 550 nm (protein reading).

2.5. Culture of Osteoblasts. Cells were maintained in poly-
styrene bottles containing DMEM (Dulbecco’s Modified
Eagle Medium) culture medium with low glucose, 10%
fetal bovine serum (Soromed Industry, São Paulo, Brazil),
and 1% essential amino acids solution (Minimum Essential
amino acid solution 100x, Sigma-Aldrich) ascorbic acid
(0.15 gL−1, Sigma-Aldrich) buffered with 10 mM HEPES
(Sigma-Aldrich) and 14.3 mM NaHCO3 (Reagen). The pH of
the medium was adjusted to 7.2. Cultures were incubated at
37◦C in 5% CO2 atmosphere. The enzymatic cell detachment
technique was used to transpose cells from the stock culture
flask to substrates for the adhesion assay. Confluent cultures
were treated with 0.2% trypsin (Difco Microbiology Co.,
USA) and 0.02% EDTA (Sigma-Aldrich) in saline solution
(0.8% NaCl [Reagan], 0.01% KCl [Sigma-Aldrich]; 0.29%
NaHPO4·7H2O [Reagan], and 0.02% KH2PO4 [Sigma-
Aldrich] in H2O) for 5 minutes at 37◦C. Then, the detached
cells were collected, and the proteolytic action of trypsin
was inhibited by adding fetal calf serum to the solution.
The suspension was then centrifuged at 1500 rpm at 22◦C,
and the pelleted cells were resuspended in culture medium
without fetal calf serum. The cell concentration/density of
the suspension was estimated by counting in a hematimetric
Neubauer chamber.

2.6. Interaction of Cells with Samples. After the cell concen-
tration of the suspension was measured in a hematimetric
chamber, 106 cells/mL were taken and allowed to interact
with the samples with and without FN coating, which totaled
four groups. After an hour of interaction, the supernatants
were discarded, and the cells that were attached (adsorbed
and adhered) to surfaces were washed with PBS and fixed
using glutaraldehyde (2.5% in PBS). Glutaraldehyde was
used as fixative to avoid damaging cell integrity (glu-
taraldehyde contains two functional groups that link two
proteins). This procedure was adopted because the use of
formaldehyde (which has only one functional group) as a
fixative profoundly deformed the cells. After fixation, cells
were trypsinized and counted in a hematimetric Neubauer
chamber.

2.7. Surface Radioactivity. Human osteoblastic cells (HOBs)
were cultivated to evaluate cell adhesion and proliferation
by liquid scintillation counting. Cells from confluent HOB
cultures were detached with trypsin, washed, and counted
in a hematimetric chamber. Then, the culture was resus-
pended in DMEM containing serum and [3H]-thymidine
(1143 cpm). After allowing incorporation for a period of 12
hours, the confluent cells were again detached and washed in
DMEM without serum, and a liquid scintillator (Beckman,
Rack III) was used to evaluate the radioactivity associated
with cells. The resulting values were expressed as counts per
minute (cpm). These cells, incorporating [3H]-thymidine,
were associated with different surfaces (Porous, Porous-FN,
PorousNano, and PorousNano-FN) for a period of 3 hours,
and counts were carried out after 1, 2, and 3 hours. This cell
behavior evaluation method allows accurate reproduction,
favoring the future applicability of FN incorporation onto
surfaces of dental implants.

3. Results

3.1. Surface Morphology. Figure 1 shows Porous and Porous-
Nano titanium surfaces before coating with fibronectin.
These surfaces exhibited microcavities with different sizes
and sharp edges. Immersion into a solution containing
fluoride ions (PorousNano) did not change the microcavity
morphology, and the sharp edges persisted. A minor modi-
fication caused by immersion is shown in Figure 1(c); some
white regions are observed when compared with Figure 1(b).
At high magnification (Figure 1(d)), the PorousNano group
showed evidence of particle clusters at the surface due to
immersion in the solution containing fluoride ions. This is
the major ultrastructural characteristic of the PorousNano
sample.

Figure 2 shows images obtained by atomic force
microscopy. In Figure 2(a), the microcavity edges are more
flattened but maintain the sharp features that seem to
assist or facilitate the adsorption of fibronectin and cells.
Figure 2(b) shows the PorousNano sample surface at high
magnification, demonstrating that the roughness pattern at
the microcavity edges is flattened by immersion treatment in
a solution containing fluoride ions.

The surface roughness of the Porous sample (Figure 2(a))
was 1759.7 nm (±204.4 nm), whereas the roughness of the
PorousNano surface sample (Figure 2(b)) was 1406.5 nm
(±226.9 nm).

3.2. Identification of Crystalline Phases. Figure 3 shows the
X-ray diffraction spectra of the Porous and PorousNano
surfaces. Both contain only titanium as the crystalline phase.

3.3. Incorporation of Fibronectin. Porous and PorousNano
titanium surfaces were treated with crystal violet (1% in
PBS), and the stain associated with the surfaces was eluted
with methanol. Negative (buffer solution) and positive (FN
suspension) controls were assessed by spectrophotometry.
The absorbance was proportional to the amount of the cells
such that more the cells on the surface corresponded to larger
absorbance values. Cells treated with PBS measured at 0.326
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(a) (b)

(c) (d)

Figure 1: SEM images of the samples before coating with fibronectin. (a) and (b) Porous samples (acid treatment). (c) and (d) PorousNano
samples (acid treatment followed by fluoride ion modification).

(a) (b)

Figure 2: AFM images: (a) Porous and (b) PorousNano.
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Figure 3: X-ray diffraction spectra of Porous and PorousNano
surfaces.

absorbance units (AU) at 550 nm (reading for proteins).
The FN suspension (100 μg/mL) measured at 2.992 units.
After the FN incorporation in Porous, and PorousNano
tablets, both spectrophotometric measurements were 2.473
absorbance units (82.6%) at 550 nm, indicating that the two

surfaces exhibit similar behavior with respect to fibronectin
incorporation.

3.4. Interaction of Cells with Surfaces. A total of 106 human
osteoblastic cells/mL were delivered to Porous and Porous-
Nano surfaces, and, after a 1.0 hour interaction, 7.9 ×
104 cells/mL and 2.3 × 105 cells/mL were associated with
the Porous and PorousNano (no protein coating) surfaces,
respectively. The combination of cells to both surfaces,
with and without the fibronectin incorporation, resulted in
different association indices. For comparison, association
index values were considered null for samples without
FN. After one hour, the association indices values of cells
with samples with FN showed increase of 44.7% (±0.8%)
and 57.4% (±0.3%) for Porous-FN and PorousNano-FN
surfaces, respectively, compared to the same surfaces without
FN.

The cell-surface interaction index of the PorousNano-FN
was approximately 28% higher than that of the Porous-FN.

3.5. Surface Radioactivity. After the incorporation of [3H]-
thymidine for 12 hours, the radioactivity associated
with osteoblast cells was evaluated. Subsequently, 1.8 ×
106 cells/mL, corresponding to 1,100 cpm, were delivered
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Figure 4: Radioactivity associated with osteoblasts on Porous,
Porous-FN, PorousNano, and PorousNano-FN surfaces. The result-
ing values were expressed as counts per minute (cpm).

to Porous, Porous-FN, PorousNano, and PorousNano-FN
surfaces. The results are shown in Figure 4.

After one hour of interaction, 70% of cells (0.751 cpm)
were associated with the PorousNano surface. This number is
most likely low because some cells died or were not associated
with the sample at the beginning of the process. The number
of associated cells increased with interaction time, reaching
0.864 cpm after three hours; that is, there was a 15% increase
in the amount of associated cells due to proliferation and cell
division.

Only 64% of the cells interacting with the Porous surface
(0.687 cpm) remained associated after one hour, but this
number increased approximately 32% after 3 hours of
interaction, reaching 0.905 cpm.

On the Porous-FN surface, 90% of cells (0.976 cpm)
were associated after 1 hour of interaction. The number
of attached cells increased 9% after three hours, reaching
1.064 cpm. For the PorousNano-FN surface, 92% of cells
(0.986 cpm) were associated after one hour of interaction,
and this number increased by 11.5% over three hours,
reaching 1.100 cpm.

4. Discussion

Figure 1(a) shows the surface morphology of a Porous
sample obtained by immersion treatment in acid solution.
The acid etching produces a homogeneous surface charac-
terized by microcavities surrounded by tapered summits.
This pattern of roughness produces a homogeneous surface
without preferential roughness orientation.

Figure 1(c) shows that the immersion of the Porous
surface in a solution containing fluoride ions did not change
the microcavity morphology, and the sharp edges persisted.
At higher magnification, the presence of flatter areas and
smaller micropeaks may be noted although these surfaces
remain tapered. This change may be associated with the high
reactivity of fluorine ions and the chemical susceptibility of
titanium oxide to these ions, which may produce a coales-
cence of peaks. These results are consistent with those of
Ellingsen and Lyngstadaas [9] and Johansson et al. [8], which

showed that titanium surfaces treated with fluoride present
smoother microtopographies and lower Ra values than acid-
treated surfaces without fluoride. Figure 1(d) demonstrates
the presence of microcavities, summits, and conglomerates
on their edges, most likely due to the corrosion process and
consequent decrease in surface roughness for the surface
subjected to immersion in solution containing fluoride.

Images obtained by atomic force microscopy (Figure 2)
show that both the Porous and PorousNano surfaces
exhibit microcavities surrounded by summits. Like the high-
resolution SEM images, the AFM images indicate that sum-
mits and microcavities of the PorousNano sample surface
have smoother edges although they remain tapered. These
sharp edges seem to assist or facilitate the adsorption of FN
and cells.

As measured based on the images obtained through
AFM, the roughness of the PorousNano surface sample was
lower than that of the Porous surface, demonstrating that
treatment with fluoride reduced the summit height, most
likely due to the reaction of titanium oxide with fluoride ions.
This ultrastructural aspect of the summits contributes to the
more homogeneous roughness pattern of the PorousNano
surface, in addition to the presence of smoother areas and
larger microcavities.

The presence of only one crystalline phase of titanium
was revealed by X-ray diffraction of the Porous and Porous-
Nano samples. It is likely that the immersion in a solution
containing fluoride ions adds only a small amount of this
element to the titanium surface and that this trace amount
of fluoride cannot be detected by the XRD technique for the
analysis of thin films (grazing incidence technique).

Approximately 80% of the FN allowed to interact with
Porous and PorousNano surfaces was adsorbed (2.473 AU).
This result demonstrates that the chemical treatment with
acids (Porous) and chemical treatment with acids followed
by immersion in solution containing fluoride ions (Porous-
Nano) did not affect the incorporation of biomolecule; that
is, the presence of the fluoride ion did not influence the
protein adsorption. Dos Santos et al. [15] observed that
FN adsorption to anodized titanium samples was 68%. It
can be concluded that titanium surfaces have an affinity
for fibronectin and that differences in the percentage of
incorporation in different studies most likely are due to the
conditions under which the FN was reacted with the surfaces
(pH used, for example) and/or the various treatments
performed on them.

Cell counting in a hematimetric chamber is a sensitive
and accurate technique for the evaluation of cell adhesion
to titanium surfaces. In this study, the PorousNano surface
showed a stronger association with osteoblastic cells (2, 3 ×
105 cells/mL) than the Porous surface (7, 9 × 104 cells/mL)
after one hour of interaction. Because 106 cells/mL were
taken to interact with surfaces, approximately 8% adhered
to the Porous sample, while 23% were associated with the
PorousNano sample. These indices suggest that the surface
subjected to chemical treatment followed by immersion in
a solution containing fluoride ions favors the adhesion of
most cells during the initial interaction period. As mentioned
earlier, the association indices of the Porous and PorousNano
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surfaces without fibronectin were considered null for eval-
uations of the influence of protein on cell behavior. Thus,
the number of cells associated with the PorousNano with
FN surface increased 57.4% compared with the same surface
without the biological variable. For the Porous with FN
surface, the increase in cell adhesion was 44.7% compared
to the same area without the protein. These indices show
that the protein variable is responsible for the significant
increase in the number of cells attached to the surfaces,
confirming the results of Ku et al. [16], who also reported
an increase in the adhesion rate of cells to surfaces treated
with recombinant fibronectin. They showed that, for TiO2,
cell adhesion was initiated after 3 hours and had significantly
lower cell numbers for all measurement points compared
with FN. The present work showed the same results.

The cell-surface interaction index of PorousNano with
FN was approximately 28% higher than that of the Porous
with FN surface. This study demonstrates that, among
the four types of surfaces examined, the PorousNano with
fibronectin coating most favors the adsorption and adhesion
of osteoblastic cells during the tested interaction period.
In addition, the study provides strong evidence that FN
incorporation into titanium surfaces is much more relevant
for biocompatibility and the consequent acceleration of the
osseointegration process than surface treatment with acid
and/or immersion in solution containing fluoride ions.

A total of 1.8 × 106 cells/mL (1.100 cpm) were allowed
to interact with Porous, Porous-FN, PorousNano, and
PorousNano-FN titanium surfaces for three hours. After one
hour of interaction, 92% of the cells were associated with the
PorousNano-FN surface, and 90% of cells were associated
with the Porous-FN surface, while 70% and 64% of cells
were associated with the PorousNano and Porous surfaces
(without FN), respectively. These results confirm that the
protein coating accelerated the adsorption of cells during
the initial interaction period (adaptation period). This can
be explained by the fact that when fibronectin is allowed
to interact with titanium samples under ideal conditions of
pH such that its cryptic sites are exposed, the fibronectin
signals to osteoblasts to activate the cell cycle and initiate the
secretion of ECM proteins.

The Porous-FN and PorousNano-FN surfaces showed
similar behavior during the three-hour interaction, both
during the initial adherence of cells (approximately 90% for
both surfaces) and in their proliferation. The cell number
increased by 14% for the sample PorousNano-FN and 12%
for Porous-FN in the first 3 hours of interaction (Figure 4).
Ku et al. [16] also demonstrated that the biomimetization
of titanium surfaces with fibronectin increased the adhesion,
proliferation, and differentiation rates of cells.

In samples without FN, this study showed that within
one-to-three hours of interaction, the number of cells
attached to the PorousNano surface increased by 32%,
while the number of cells attached to the Porous surface
increased by 15%. This difference shows that the surface
that received acid treatment followed by immersion in a
solution containing fluoride ions (Nano) showed accelerated
cell division and proliferation compared to the Porous
surface. Figure 4 shows that the PorousNano surface without

fibronectin coating exhibited the greatest increase in cpm as
a function of time over 3 hours. Ellingsen and Lyngstadaas
[9] and Johansson et al. [8] showed that fluoride-treated
surfaces have a greater capacity to react with biological
tissues and nuclear phosphate crystals in vitro, in addition to
offering greater osseointegration resistance in vivo. Although
previous studies have used different methodologies for
fluoride treatment, their results also suggest that the presence
of fluoride ions on titanium surfaces facilitates various
osseointegration processes. Analysis of the experimental
cell adhesion and proliferation data presented in Figure 4
showed that the cell behavior was similar in all samples
containing fibronectin. The results of this study show that
the FN is critical to the biocompatibility of surfaces of
titanium implants, but when this protein is not present,
treatment with acids and fluorides seems to favor more tissue
integration than treatment with acid only (i.e., no fluoride).

5. Conclusions

Based on the experimental results, it can be concluded that

(a) the surfaces of titanium samples treated with fluoride
ions (PorousNano) retained the basic microstruc-
tural characteristics of surfaces not treated with
fluoride (Porous),

(b) the Porous and PorousNano surfaces incorporated
similar levels of FN (approximately 80%) over
the time tested (3 hours), demonstrating that the
presence of fluoride ions did not influence protein
adsorption,

(c) the association indices of HOB cells to the four tested
surfaces suggest that FN incorporation is critical for
the in vitro cytocompatibility of surfaces,

(d) FN-treated samples showed significantly higher per-
centages of associated cells during the initial period
of one hour, confirming that FN (the biological
variable) had a greater effect on the adhesion and
proliferation of cells than the fluoride treatment of
titanium surfaces used in this study.
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The aim of this study was to evaluate the early bone response around laminin-1-coated titanium implants. Forty-five rats
distributed in three equally sized groups were provided with one control (turned) and one test (laminin-1-coated) implant and
were sacrificed after 3, 7, and 21 days. Real-time reverse-transcriptase polymerase chain reaction was performed for osteoblast
markers (alkaline phosphatase, runt-related transcription factor 2, osteocalcin, type I collagen, and bone morphogenic protein
2), osteoclast markers (cathepsin K and tartrate-resistant acid phosphatase), inflammation markers (tumor necrosis factor α,
interleukin 1β and interleukin 10), and integrin β1. Bone implant contact (BIC) and bone area (BA) were assessed and compared
to the gene expression. After 3 days, the expression of bone markers was higher for the control group. After 7 days, the expression
of integrin β1 and osteogenic markers was enhanced for the test group, while cathepsin K and inflammation markers were down-
regulated. No significant differences in BIC or BA were detected between test and control at any time point. As a conclusion,
implant coating with laminin-1 altered gene expression in the bone-implant interface. However, traditional evaluation methods,
as histomorphometry, were not adequately sensitive to detect such changes due to the short follow-up time.

1. Introduction

Dental implants have been proven to be a reliable long-term
therapy against edentulism [1–3]. However, the reported
high success figures of implant therapy have been based
on implants inserted using two-stage surgical protocol and
conventional loading. The increased demand on implant
performance and the broadened treatment indications have
led to the development of new moderately rough surfaces.
Alterations in both the surface chemistry and topography
may contribute to chemical influence on bone tissue, a
phenomenon defined as bioactivity [4]. Furthermore, other
factors such as surface energy, surface wettability, cellular
maturation state, nutrition status, and microstresses alter
the degree of bioactivity too. Compared to the previously
used turned implants, the bioactively modified implants have
demonstrated higher success rate in demanding cases, for

example, early functional loading [5], one-stage surgery [6],
and reconstructive jaw surgery [7].

When moderately rough surfaces remain within bone
tissue no differences on microbial colonization are observed
as compared to minimally rough surfaces [8]. However, there
has been increasing evidence pointing out that as soon mod-
erately rough implants are exposed to the oral milieu the case
changes. A series of studies examining clinical, histological,
and radiological aspects of experimental peri-implantitis in a
dog model has reported that exposure of the implant surfaces
to the oral environment leads to spontaneous progression
of experimental peri-implantis [9–11]. The same research
group has reported that implant surface characteristics affect
the possibility to treat experimental peri-implantitis without
antimicrobial therapy, thereby influencing the treatment
outcome [12]. Additionally, a recent in vitro study has pro-
posed that increased implant roughness promotes bacterial
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colonization most likely depending on protection of bacteria
from shear forces [13]. Even if the referred studies are
experimental in nature, the idea of developing an implant
that combines the osseoconductive properties of a moder-
ately rough surface with the accessibility for debridement of
turned surfaces is intriguing.

In order to enhance bone formation, implants have been
coated with bone specific biomolecules [14–17]. Interest-
ingly, even non-bone-specific molecules have reported to
induce osteogenicity [18]. One potential non-bone-specific
osteogenic molecule is laminin-1. Laminins are heterotri-
meric glycoproteins that bind to integrins, especially β1 and
β2 isomers [19]. The N-terminal of laminin-1 has been
reported to selectively recruit osteoprogenitors through inte-
grin β1-mediated cell attachment [20, 21] and to stimulate
production of alkaline phosphatase by osteoblasts [22].
Additionally, recent in vitro studies [23, 24] have elucidated
the role of laminin as nucleation center and its potential
to enhance osteoid formation in a simulated body fluid.
Nevertheless, since the in vivo environment is more complex
in terms of protein interactions [25] and desorption of the
coating agent [26], in vivo validation has been imperative. In
theory, any effects of a protein coating are more pronounced
during the early stages of osseointegration.

The purpose of this in vivo study is to investigate
the detailed molecular mechanisms underlying the possible
effects of the coating agent laminin-1 on osseointegration
and to compare them to histological evaluation methods.

2. Materials and Methods

2.1. Implants and Laminin-1 Coating. In total, 90 threaded
titanium (grade 4) implants with turned surface were
used (diameter: 1.5 mm, length: 2.5 mm, internal hexagonal
connection, batch 800101579, Neodent, Brazil). Half of
the implants (N = 45) were coated with laminin-1 in
accordance with previous in vitro study [24] and served as
the test group. In brief, laminin-1 (L2020, Sigma-Aldrich,
Stockholm, Sweden) was diluted to a concentration of
100 μg/mL in Dulbecco’s phosphate-buffered saline (DPBS)
without CaCl2 or MgCl2 (14190-094; GIBCO, Invitrogen
Corporation, Grand Island, NY, USA). The implants were
subsequently incubated in 48-well plates (Nunclon Surface,
Nunc, Roskilde, Denmark) containing 250 μL of the laminin-
1 solution per well, for 1 h at room temperature. The protein
thickness after incubation was estimated by ellipsometry.
Since the implant surface did not reflect the light beam in
a measurable manner, the amount of adsorbed laminin was
calculated on optically smooth titanium surfaces produced
at the laboratory as described by Linderbäck et al. [27].
As previously described by Bougas et al. [24], the optically
smooth titanium surfaces were fixed in the ellipsometric
quvette filled with PBS at room temperature. The ellipso-
metric angles Δ0 and Ψ0 were measured at three locations
with a Rudolph Research AutoEL III ellipsometer operating
in a wavelength of 632.8 nm at a 70◦ angle of incidence.
Subsequently, the quvette was emptied and filled with
laminin solution and new angles Δ and Ψ calculated. The

protein layer thickness was calculated from the ellipsometric
angle changes for a protein refractive index of n = 1.465. By
using the McCrackin algorithm for the calculations [28], it
was concluded that the incubation resulted in protein thick-
ness corresponding to 2.6 nm. The remaining 45 uncoated
implants served as controls.

2.2. Surface Characterization. The surface topography of the
implants was characterized with an optical interferometer
(MicroXam, ADE Phase Shift, Tucson, AZ, USA) operating
in wavelength of λ = 550 nm. According to the proposed
guidelines for implant surface characterization [29], three
implants from each group were randomly selected and each
measured in 9 regions (3 thread tops, 3 thread valleys, and
3 flank regions). A B-spline filter was applied to separate
roughness from form and waviness. The following three
topographical parameters were evaluated: an amplitude
parameter, Sa (μm) = the arithmetic average height deviation
from the mean plane; a spatial parameter, Sds (μm−2) = the
density of summits; and a hybrid parameter, Sdr (%) = the
developed surface ratio.

2.3. Animals and Surgical Procedure. The study was approved
by the Malmö/Lund, Sweden, Regional Animal Ethical Com-
mittee (approval number: M253-10) and included 45 male
Wistar Hannover Galas rats with an average weight of
350 g.

Prior to surgery, the animals were sedated by intra-
peritoneal administration of a mixture of Dormicum
5 mg/mL (Midazolam, Roche), Hypnorm (fentanylcitrate
0.315 mg/mL and fluanisone 10 mg/mL, Janssen Pharma-
ceutical) and sterile saline 0.9 mg/mL (Braun) in a dose of
1.5–2 mL/kg body weight. The hind legs were disinfected
with 70% ethanol and 70% chlorhexidine, and Lidocaine
hydrochloride (Xylocaine; AstraZeneca AB) was adminis-
trated as the local anaesthetic at each insertion site at a
dose of 0.5 mL. One control implant was operated into the
right tibia and one test implant into the left of each animal.
One animal died after the sedation procedure. After the
operation, buprenorphine hydrochloride (0.5 mL Temgesic;
Reckitt Benckiser, Slough, UK) was administered as an anal-
gesic for 3 days.

2.4. RNA Extraction and Real-Time Reverse-Transcription

Polymerase Chain Reaction

2.4.1. Sample Retrieval. The animals were divided into three
groups and were sacrificed after 3 days (N = 14), 1 week
(N = 15) and 3 weeks (N = 15) with an overdose of carbon
monoxide in a gas chamber. The skin above the implants
was incised, and 20 implants (10 pairs control/test) for each
of the two first groups (3 days and 1 week) were turned
out manually. Since one implant in the 3-week group did
not osseointegrate, 18 implants (9 pairs control/test) were
turned out manually. The removed implants, along with
the interface bone tissue, were placed in RNAlater solution
(QIAGEN GmbH, Hilden, Germany), and frozen at −80◦C
until analysis.
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2.4.2. RNA Extraction from Implant Screws. The samples
were processed in the TissueLyser instrument (Qiagen
GmbH) together with β-mercaptoethanol RNeasy Lysis-
buffer to remove and disrupt the cells attached to the surface
of the implant screw. RNA was extracted from the sample
mixtures with RNeasy Micro Kit number 74004 (Qiagen
GmbH) according to manufacturer’s instructions, including
carrier to minimize decrease in yield due to small sample
quantity. During extraction, all samples were DNase-treated
according to manufacturer’s instructions with RNase free
DNase Set #1023460 (Qiagen GmbH) to reduce gDNA
contamination.

2.4.3. Reverse Transcription (RT). All RNA samples were
reverse transcribed in single 10 μL reactions according to
manufacturer’s instructions using TATAA RT Kit number
A103b (TATAA Biocenter AB) to generate cDNA. RT-
controls were included to monitor the presence of gDNA.
The controls were analyzed in pools of five, containing
1.5 μL of each sample (total volume 7.5 μL). Control of RNA
concentration was not possible due to the presence of carrier
in extraction procedure.

2.4.4. Real Time Reverse-Transcription Polymerase Chain
Reaction (Real Time RT-PCR). For each Real Time RT-PCR,
10 μL mixtures were prepared with 1 μL cDNA, according
to the manufacturer’s recommendations (Applied Biosystem,
CA, USA). Amplification was carried out in 96-well thermal
cycle plates on a StepOne detection system (Applied Biosys-
tems, USA) according to the manufacturer’s recommen-
dations with custom-designed real-time assays and SYBR
green detection (PrimerDesign Ltd, Southampton, UK)
(Table 1). Normalization and fold-changes were calculated
with StepOneTM software with the ΔΔCt method [30].

2.5. Histomorphometry. The remaining implants from each
group were retrieved en bloc and were immersed in 4%
neutral buffered formaldehyde. Since one implant from the
3 week group did not osseointegrate possibly due to an
incorrect insertion angle, the final numbers of implants
processed for histology were; n = 8 for 3 days, n = 10
for 1 week, and n = 8 for 3 weeks. All the samples were
processed for undecalcified ground sectioning [31]. Briefly,
after a series of dehydrations and infiltrations in resin, the
samples were embedded in light-curing resin (Technovit
7200 VLC; Heraeus Kulzer Wehrheim, Germany). One cen-
tral ground section was prepared from each implant by using
Exakt sawing and grinding equipment (Exakt Apparatebau,
Hamburg, Germany). The sections were ground to a final
thickness of approximately 10 μm and histologically stained
with Toluidine blue mixed with pyronin G.

Histological evaluations were performed using a light
microscope (Eclipse ME600; Nikon, Japan), and the his-
tomorphometrical data were analyzed by image analysis
software (Image J v. 1.43u; National Institutes of Health,
Bethesda, Maryland). The bone-implant contact (BIC) and
the bone area (BA) percentage along the whole implant
were calculated at ×10 objective magnification as described
previously [32, 33].

Table 1: Oligonucleotides used for real time RT-PCR.

Gene Cat no. Amplicon Length (bp)

Runx-2 Rn01512298 m1 86

ALP Rn01516028 m1 68

Osteocalcin Rn00566386 g1 104

BMP-2 Rn00567818 m1 126

Collagen 1 Rn01463848 m1 115

Integrin β1 Rn01753534 m1 82

IL-10 Rn00563409 m1 70

TNF-α Rn99999017 m1 108

IL-1β Rn00580432 m1 74

TRAP Rn00569608 m1 95

CTSK Rn00580723 m1 67

β-actin 4352931E 91

Table 2: Mean values (SD) for surface topography parameters for
control and test implant, and P-values for pair-wise comparisons.
Asterisk denotes statistically significant difference (P < 0.05).

Surface topography
parameter

Control Test P-value

Sa (μm)
0.284

(0.054)
0.280

(0.066)
0.261

Sds (μm−2)
247493.49
(63993.65)

291112.17
(105683.8) 0.009∗

Sdr (%)
14.38
(6.52)

20.16
(7.90)

0.446

3. Statistics

The statistical calculations were performed with SPSS (ver-
sion 18 Chicago, Illinois, USA). The statistical comparison
for the mean values of the topographic parameters Sa, Sds,
and Sdr was assessed by Students t-test. For BIC and BA the
nonparametric Wilcoxon signed ranks test was used while
for relative gene expression, the Student’s paired t-test was
employed. The level of statistical significance was set at P ≤
0.05.

4. Results

4.1. Surface Characterization. The laminin-1 coating in-
creased the density of summits (Sds) significantly (P =
0.009). On the contrary, the protein coating did neither affect
the average height deviation from the mean plane (Sa) (P =
0.261) nor the developed surface ratio (Sdr) (P = 0.446) of
the implants significantly (Table 2).

4.2. Real Time RT-PCR. Although the gene expression for
the osteoprogenitor marker runt-related transcription factor
2 (Runx2) was lower for the test than for the control after
3 days, it was doubled at 7 days resulting in statistically
significantly higher levels as compared to the control. After
21 days, the difference in the expression of the gene for Runx2
between test and control was evened out (Figure 1(a)).
The second osteoprogenitor differentiation, marker bone
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morphogenic protein-2 (BMP-2), did not differ between test
and control at any time point (Figure 1(b)).

The initial gene expression (3 days) of the osteblas-
tic markers osteocalcin (Figure 1(c)), alkaline phosphatase
(ALP) (Figure 1(d)) and type I collagen (Figure 1(e)) was
higher for the control group. Nevertheless, after 7 days the
expression of the osteoblastic markers increased for the test
group and declined for the control. This alteration resulted in
statistically significantly higher mRNA levels of osteocalcin
and type I collagen in favour of the test group. After 21 days
no statistically significant differences were detected between
test and control in the expression of osteoclacin and ALP. On
the contrary, the expression of type I collagen for the control
group was enhanced to statistically significantly higher levels
as compared to the test group.

The expression of the osteoclastic marker Cathepsin
K (Figure 2(a)) demonstrated a descending trend for the
control group during the observation time. In contrast to the
control group, the expression of Cathepsin K remained stable
for the test group throughout the observation period. The
expressed levels of Cathepsin K were statistically significantly
lower for the test group at all times (3 days, 7 days,
and 21 days). The mRNA levels of the osteoclastic marker
tartrate-resistant acid phosphatase (TRAP) (Figure 2(b))
declined with time. After 3 days, the levels of TRAP were
statistically significantly higher for the control group, whilst
no statistically significant differences were detected between
test and control at 7 or 21 days.

The gene expression of integrin β1 (Figure 3(a)) for the
test group peaked at 7 days. At this time point, the mRNA
levels for integrin β1 were statistically significantly higher
for the test group (4.90-fold). Despite the enhanced levels of
integrin β1 mRNA expression in the control group after 21
days, no statistically significant differences were detected.

The proinflammatory cytokines tumor necrosis fac-
tor α (TNF-α) (Figure 3(b)) and interleukin 1β (IL-1β)
(Figure 3(c)) peaked at 7 days. The fold of relative mRNA
expression was 6.65 for TNF-α and 51.88 for IL-1β in favour
of the control group. However, no statistically significant
differences were detected at 3 and 21 days. The expression
of TNF-α and IL-1β remained stable for the test group at 3,
7, and 21 days. No statistically significant differences were
detected between test and control in the expression of the
anti-inflammatory cytokine IL-10 (Figure 3(d)).

4.3. Histomorphometry. The values of BIC and BA were
enhanced after 7 and 21 days as compared to 3 days. The
test group demonstrated higher median BIC and BA at all
the evaluated time points (Figures 4 and 5). The differences
between the test and control were though not statistically
significant (P > 0.05) (Table 2).

5. Discussion

In the current study, we have investigated the effects of
laminin-1 coating on the early stages of osseointegration.
The implants chosen for this purpose are turned with a
smooth surface (Sa = 0.28 μm). Implants with turned surface
have a long history of clinical documentation [1–3] and

hence may be regarded as the “gold standard.” The rational
for rather using a smooth implant than a moderately rough,
is based upon the theorem that moderately rough implants
enhance osseointegration [34], thereby possibly concealing
any effects of the biochemical coating. Additionally, a turned
implant surface was chosen in order to investigate whether
a biochemical coating can induce cell responses equivalent
to the ones promoted by surface topography modifications
[35, 36]. According to the surface analysis, the coating
process has significantly increased the density of peaks (Sds).
Since the implant surface has a minimally rough profile,
the protein coating may be detected by the interferometer
as prominences on the implant surface, hence resulting in
elevated peak density of the test implant.

Depending on protein-desorption kinetics [26], the bio-
chemical coating is theoretically most active during the first
days after the implant installation. For this reason, we have
chosen to investigate the early effects of the laminin-1 coating
after 3, 7, and 21 days. The early time-points investigated
in this study have been previously used in the literature in
order to screen the expression of bone-related genes and
inflammatory markers in a rat model [35, 37]. Since the
degree of diffusion of the coating into the surrounding
bone is unknown, we have chosen to collect the interface
bone tissue from the removed implant instead of retrieving
the implant along with the surrounding bone en bloc. The
analysis of the interface bone tissue is further justified by a
histological study concluding that implant coating material
released by the shear forces during implant insertion residues
within the peri-implant space [38].

The gene analyses from the interface bone tissue reveal
after 7 days significantly higher levels of the transcription
factor Runx-2, which is the master gene for osteoblast dif-
ferentiation and is expressed by the committed osteoprogen-
itors [39]. At the same time point, integrin β1 is significantly
upregulated for the test implant. It has been suggested
that laminin stimulates osteoprogenitors by attachment to
integrin β1 in vitro [20, 21]. It has also been demonstrated
that activation of Runx2 by MAPK is possible by binding
of type I collagen to α2 β1 integrins [40]. Since collagen
type I is also elevated after 7 days, a possible mechanism of
action for laminin-1 could be indirect activation of Runx2
by elevating the expression of type I collagen which attaches
to integrin β1. After 7 days, no significant difference in
BMP-2 levels was detected between test and control. This
may imply that laminin-1 has an indirect effect on the
existing osteoprogenitors in the peri-implant space, without
promoting commitment of the surrounding mesenchymal
stem cells to osteoprogenitors via BMP-2 [41].

Apart from the molecular mechanisms involved in the
effect of laminin-1 on osteoprogenitors, our results suggest
an additional effect on differentiated osteoblasts. The gene
expression of collagen type I and the marker for mature post-
proliferative osteoblasts, osteocalcin [42], are up-regulated
after 7 days. Hence, laminin-1 may contribute to the enrich-
ment of the extracellular matrix in the direct proximity of the
implant. If we additionally take into account the significantly
decreased expression of the osteoclastic proteolytic enzyme
cathepsin K [43], the bone remodeling [44] may be further
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Figure 1: Relative gene expression for osteoblast markers at 3, 7, and 21 days: (a) runt-related transcription factor 2, (b) bone morphogenic
protein 2, (c) osteocalcin, (d) alkaline phosphatase, and (e) type I collagen.

displaced in favor of osteogenesis. As reported in the
literature, low expression of cathepsin K can be correlated
to low levels of the proinflammatory cytokines IL-1β and
TNF-α, both considered to be expressed on bone sites with

pronounced osteoclastic resorption [43]. As it concerns
the 3-day time point, the expression of both osteogenic
and osteoclastic markers is higher for the control group.
Keeping into consideration that the outcome of the bone
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metabolism is decided by a coupled mechanism between
bone deposition and bone resorption [44], it is uncertain
whether this increased activity will result to more or less new
bone.

A comparison of the findings from the gene analyses
to the findings from the histomorphometry reveals some
discrepancies. Although there are important differences in
gene expression, no differences are detected on BIC or BA
after 3 and 7 days. This finding is considered reasonable
keeping in mind that bone remodeling is a time-demanding
process. Discrepancies between the results from traditional
evaluation methods and genetic analysis have been reported
previously [45]. The fact that no differences were detected on
BIC or BA after 21 days is in agreement with the results from
the gene expression. This result may be explained by the fact
that the coating is expected to be more active during the early
stages of osseointegration, since it may be gradually desorbed
from the interface as demonstrated in vitro [26].

Conclusively, within the limitations of our study, we
suggest that it is possible to alter the cell behavior on the
implant-bone interface towards the osteogenic direction by
coating the implant surface with laminin-1. However, the
reported changes are not detected by histomorphometry,
most likely depending on the fact that this method is not
adequately sensitive at the short times of follow-up applied
on the present study.
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[3] P. Åstrand, J. Ahlqvist, J. Gunne, and H. Nilson, “Implant
treatment of patients with edentulous jaws: a 20-year follow-
up,” Clinical Implant Dentistry and Related Research, vol. 10,
no. 4, pp. 207–217, 2008.

[4] D. F. Williams, The Williams Dictionary of Biomaterials, Liver-
pool University Press, Liverpool, UK, 1st edition, 1999.

[5] M. Jungner, P. Lundqvist, and S. Lundgren, “Oxidized tita-
nium implants (Nobel Biocare TiUnite) compared with turn-
ed titanium implants (Nobel Biocare mark III) with respect to
implant failure in a group of consecutive patients treated with
early functional loading and two-stage protocol,” Clinical Oral
Implants Research, vol. 16, no. 3, pp. 308–312, 2005.

[6] B. Friberg and T. Jemt, “Rehabilitation of edentulous mandi-
bles by means of five TiUnite implants after one-stage surgery:



8 International Journal of Biomaterials

a 1-year retrospective study of 90 patients,” Clinical Implant
Dentistry and Related Research, vol. 10, no. 1, pp. 47–54, 2008.

[7] M. Brechter, H. Nilson, and S. Lundgren, “Oxidized titanium
implants in reconstructive jaw surgery,” Clinical Implant
Dentistry and Related Research, vol. 7, no. 1, supplement, pp.
S83–S87, 2005.

[8] M. Quirynen and N. Van Assche, “RCT comparing minimally
with moderately rough implants—part 2: microbial observa-
tions,” Clinical Oral Implants Research, vol. 23, pp. 625–634,
2012.

[9] J. P. Albouy, I. Abrahamsson, L. G. Persson, and T. Berglundh,
“Spontaneous progression of peri-implantitis at different
types of implants. An experimental study in dogs—I: clin-
ical and radiographic observations,” Clinical Oral Implants
Research, vol. 19, no. 10, pp. 997–1002, 2008.

[10] J. P. Albouy, I. Abrahamsson, L. G. Persson, and T. Berglundh,
“Spontaneous progression of ligatured induced peri-
implantitis at implants with different surface characteristics.
An experimental study in dogs II: histological observations,”
Clinical Oral Implants Research, vol. 20, no. 4, pp. 366–371,
2009.

[11] J. P. Albouy, I. Abrahamsson, and T. Berglundh, “Spontaneous
progression of experimental peri-implantitis at implants with
different surface characteristics: an experimental study in
dogs,” Journal of Clinical Periodontology, vol. 39, pp. 182–187,
2012.

[12] J. P. Albouy, I. Abrahamsson, L. G. Persson, and T. Berglundh,
“Implant surface characteristics influence the outcome of
treatment of peri-implantitis: an experimental study in dogs,”
Journal of Clinical Periodontology, vol. 38, no. 1, pp. 58–64,
2011.

[13] V. Fröjd, L. Chávez de Paz, M. Andersson, A. Wennerberg, J.
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Current dental implant research aims at understanding the biological basis for successful implant therapy. The aim of the study
was to perform a full characterization of the effect of two commercial titanium (Ti) surfaces, OsseoSpeed and TiOblast, on the
behaviour of mouse preosteoblast MC3T3-E1 cells. The effect of these Ti surfaces was compared with tissue culture plastic (TCP).
In vitro experiments were performed to evaluate cytotoxicity, cell morphology and proliferation, alkaline phosphatase activity, gene
expression, and release of a wide array of osteoblast markers. No differences were observed on cell viability and cell proliferation.
However, changes were observed in cell shape after 2 days, with a more branched morphology on OsseoSpeed compared to
TiOblast. Moreover, OsseoSpeed surface increased BMP-2 secretion after 2 days, and this was followed by increased IGF-I, BSP,
and osterix gene expression and mineralization compared to TiOblast after 14 days. As compared to the gold standard TCP, both
Ti surfaces induced higher osteocalcin and OPG release than TCP and differential temporal gene expression of osteogenic markers.
The results demonstrate that the gain of using OsseoSpeed surface is an improved osteoblast differentiation and mineralization,
without additional effects on cell viability or proliferation.

1. Introduction

Current dental implant research aims at developing of
innovative surfaces able to promote a more favourable
biological response to the implant material at the bone-
implant interface and to accelerate osseointegration [1]. It
has largely been demonstrated that rough surfaces present
an increased bone fixation and bone-to-implant contact
compared to smooth surfaces [2–4]. In addition to surface
topography, the chemical properties of implant surfaces
also play an important role in promoting osseointegration
[5]. Modification of titanium implants using hydrogen
fluoride at low concentrations results in the formation of
nanostructures along the titanium surface as well as the
incorporation of small amounts of fluoride into the crystal
structure of the superficial layer of the implant [1, 6], thereby,
modifying both, surface topography and surface chemistry.

In vitro experiments have shown that fluoride-modified
titanium implants stimulate osteoblast differentiation in dif-
ferent cell models [7–10], enhance cell osteoblastic adhesion
and expression of bone-specific mRNA [8, 11], increase
cell viability [11], improve the initial cell response to
the implant [12], and augment the thrombogenic prop-
erties of titanium, promoting fibrinogen activation and
rapid coagulation [13]. In vivo, fluoride-modified titanium
implants enhance interfacial bone formation [8], create
a firmer bone anchorage [14], augment the amount of
new bone formation in the voids and bone-to-implant
contact [15], improve biomechanical properties due to a
more mature and mineralized interfacial bone matrix [16],
and increase implant osseointegration in osteoporotic bone
[17].

The aim of the present study was to examine the in vitro
bone response of mouse preosteoblast MC3T3-E1 cells to
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two commercial Ti surfaces, OsseoSpeed and TiOblast, and
to validate the claimed higher bone response of the new
generation surface (OsseoSpeed) compared to its respective
predecessor (TiOblast). The osteoblast response to these
Ti surfaces was also compared with tissue culture plastic
(TCP), which is normally considered the gold standard for
tissue culture. OsseoSpeed is a further development of the
moderately roughened (grit blasted with titanium dioxide
particles) titanium surface TiOblast. OsseoSpeed has been
reported to gain its additional surface characteristics via
a chemical (fluoride) treatment and a slight topographic
modification of the TiOblast surface [6, 14].

2. Materials and Methods

2.1. Implants and Treatments. Test implants used were all
made of grade 2 titanium, with a diameter of 6.25 mm and a
height of 1.95 mm. The test surface was blasted with titanium
dioxide (TiO2) particles (TiOblast) to create a microrough
surface. According to the manufacturer, fluoride modified
implants (OsseoSpeed) went through an additional cleaning
process including diluted HF. The blasted-only implants
served as control. Implants were premounted on the carriers,
inserted individually in sealed containers, and sterilized by
β-irradiation (AstraTech AB, Mölndal, Sweden).

2.2. Roughness Analysis. After surface treatments, the surface
roughness of one sample per group was measured with a
blue light profilometer (PLμ 2300, Sensofar, Terassa, Spain).
Three areas were imaged per surface at 50x magnification
(254×191μm2), and surface parameters were calculated after
levelling the images by rotation with the program SensoMap
Plus 4.1 (SARL Digital Surf, Besançon, France) and applica-
tion of a Gaussian filter (50 × 50μm) to remove underlying
waviness. Topographical changes were as follows: average
height deviation from the mean plan (Sa), surface skewness
(Ssk), surface kurtosis (Sku), and core fluid retention index
(Sci) were recorded to quantify surface differences among the
TiOblast and the OsseoSpeed groups.

2.3. Cell Culture. The murine osteoblast cell line MC3T3-
E1 (DSMZ, Braunschweig, Germany) was used as in vitro
model. Cells were routinely cultured at 37◦C in a humidified
atmosphere of 5% CO2 and maintained in alpha-MEM
(PAA Laboratories GmbH, Austria) supplemented with 10%
fetal calf serum (PAA Laboratories GmbH, Austria) and
50 IU penicillin/mL and 50 μg streptomycin/mL (Sigma,
St. Louis, MO, USA). Cells were subcultured 1 : 4 before
reaching confluence using PBS (PAA Laboratories GmbH,
Austria) and trypsin/EDTA (Sigma, St. Louis, MO, USA). To
test the different surface modification of titanium implants
(TiOblast and OsseoSpeed), coins were placed in a 96-well
plate (with a diameter size per well of 6.5 mm), and 104 cells
were seeded on each coin. The same number of cells was
cultured in parallel in plastic (TCP) in all the experiments.

2.4. Cell Viability. LDH activity was used as an index of
cytotoxicity in the culture media. After 48 h, 7, and 14 days,

the culture media was collected, centrifuged at 500×g for
5 min at 4◦C, and the supernatant was stored at 4◦C. LDH
activity was determined spectrophotometrically according to
the manufacturer’s kit instructions (Cytotoxicity Detection
kit, Roche Diagnostics, Mannheim, Germany) and presented
relative to the LDH activity in the medium of cells cultured
on TCP for 2 days, which was set as 100%.

2.5. DAPI Staining and Cell Counting. MC3T3-E1 cells were
seeded on the coins modified according to the protocol
described above. The MC3T3-E1-cell layers were washed
twice with PBS after the respective culture time and fixed in a
4% formaldehyde solution in PBS for 30 min. Subsequently,
the samples were washed again with PBS and mounted
with a DAPI-containing mounting medium (ProLong Gold
antifade reagent with DAPI, Invitrogen Ltd, Paisley, UK)
according to their protocol. The samples were stored in
dark at −20◦C until analysis by fluorescence microscopy
(Leica DM RBE, Leica Microsystems, Wetzlar, Germany)
with connected digital camera (Olympus DM50, Olym-
pus Europe, Hamburg, Germany). Afterwards, nuclei were
counted with the ImageJ software (http://rsbweb.nih.gov/ij/).
Four implants were used per treatment and time point, and
in each implant three different fields were analysed, giving
the number of cells per μm2.

2.6. SEM Analysis. SEM analyses were performed to study
the morphology of MC3T3-E1 cells grown on the surface
of both Ti surfaces. For this purpose, cells were first fixed
in a formaldehyde solution at 4% in PBS for 30 min. Cell
layers were dried in increasing concentrations of ethanol
followed by critical point drying (E3000, Quorum Tech,
Ashford, UK) and sputter coated with a thin layer of carbon
(Cressington Carbon Coater 108/carbon A, Cressington
Scientific Intruments Ltd., Watford, UK). SEM scans were
taken (Philips XL 30 ESEM, FEI Electron Optics, Eindhoven,
The Netherlands) to image the morphology of the cells
attaching to the different surfaces. Pictures at 400x of
magnification were taken after 2, 7, and 14 days and also at
2000x of magnification after 2 days.

2.7. Release of BMP-2 into the Cell Culture Media. Cell culture
supernatants were analysed for BMP-2 release, secreted to
the culture medium after 2 days of cell culture, using
an enzyme-linked immunosorbent assay (ELISA). Aliquots
from the culture media were centrifuged at 1800 rpm for
5 minutes at 4◦C, and supernatants were used for BMP-
2 determination following instructions described by the
manufacturer (Quantikine Immunoassay, R&D Systems,
Minneapolis, MN, USA).

2.8. Isolation of Total RNA. Total RNA was isolated using
a monophasic solution of phenol and guanidine isothio-
cyanate (Trizol, Invitrogen Life Technologies, Carlsbad, CA,
USA), following the instructions of the manufacturer. RNA
was quantified at 260 nm using a Nanodrop spectropho-
tometer (NanoDrop Technologies, Wilmington, DE, USA).
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TiOblast 2 days ×400 200 um OsseoSpeed 2 ×400 200 umdays

TiOblast 7 ×400 200 umdays OsseoSpeed 7 ×400 200 umdays

TiOblast 14 ×400 200 umdays OsseoSpeed 14 ×400 200 umdays

Figure 1: Scanning electron microscope images of MC3T3-E1 cells attached to each coin after 2, 7, and 14 days of cell culture. 400x
magnification images are shown.

2.9. Real-Time RT-PCR. The same amount of total RNA
(2 μg) from each sample was reverse transcribed to cDNA
at 42◦C for 60 min in a final volume of 40 μL, using
iScript cDNA Synthesis kit (BioRad) that contains both
oligo(dT) and random hexamers. Each cDNA was diluted
1/5, and aliquots were frozen (−20◦C) until the PCR

reactions were carried out. Real-time PCR was performed for
two housekeeping genes: 18S ribosomal RNA (18S rRNA),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and
thirteen target genes: alkaline phosphatase (ALP), bone
sialoprotein (BSP), CD44, collagen type I (coll-I), distal-
less homeobox 2 (Dlx2), hairy and enhancer of split 1
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TiOblast 2 × 30 um2 kdays × 30 um2 kOsseoSpeed 2 days

Figure 2: Detail of surface morphology and cell monolayer of MC3T3-E1 cells after 2 days by scanning electron microscope. 2000x
magnification images are shown.

TiOblast OsseoSpeed

200 µm

2days

14 days

7days

Figure 3: DAPI staining of the nuclei (20x) of the cell monolayer
attached to each coin after 2, 7, and 14 days of cell culture.

(Hes1), insulin growth factor-I (IGF-I), interleukin-6 (IL-6),
osteoprotegerin (OPG), osterix (Osx), receptor activator of
NFkappaB ligand (RANKL), Smad1, and Smad5. Oligonu-
cleotide primer sequences used for the real-time RT-PCR,
the length of the resulting amplicons and the GeneBank
accession number, are shown in Table 1.

Real-time PCR was performed in the iCycler (BioRad)
using SYBR green detection. Each reaction contained 5 μL
of cDNA, 500 nM of the sense and antisense specific primers

(for all, except for collagen-I which was 300 nM), and 12.5 μL
of 2X iQ SYBR Green Supermix in a final volume of 25 μL.
The amplification program consisted of a preincubation
step for denaturation of the template cDNA (3 min 95◦C),
followed by 40 cycles consisting of a denaturation step (15 s
95◦C), an annealing step (15 s 60◦C; for all, except for ALP
which was 65◦C), and an extension step (30 s 72◦C). After
each cycle, fluorescence was measured at 72◦C. A negative
control without cDNA template was run in each assay.
Samples were run in duplicate.

Real-time efficiencies were calculated from the given
slopes in the iCycler software using serial dilutions, showing
all the investigated transcripts high real-time PCR efficiency
rates, and high linearity (r > 0.99) when different con-
centrations were used. PCR products were subjected to a
melting curve analysis on the iCycler and subsequently 2%
agarose/TAE gel electrophoresis to confirm amplification
specificity.

2.10. Alkaline Phosphatase Activity. An aliquot of 25 μL of
culture media was assayed in duplicate for alkaline phos-
phatase activity by measuring the cleavage of p-Nitrophenyl
Phosphate (pNPP) (Sigma, St. Louis, MO, USA) in a soluble
yellow end product which absorbs at 405 nm. A volume of
100 μL of this substrate was used. The reaction was stopped
after 30 min in dark with the addition of 50 μL of 3 M
sodium hydroxide. The absorbance of the stopped reaction
was read at 405 nm. In parallel to the samples, a stan-
dard curve with calf intestinal alkaline phosphatase (CIAP,
1 U/μL) (Promega, Madison, WI, USA) was constructed,
by mixing 1 μL from the stock CIAP with 5 mL of alkaline
phosphatase buffer (1 : 5000 dilution) and then making 1 : 5
serial dilutions.

2.11. Luminex Analysis. Cell culture supernatants were
analysed for OPG, osteocalcin, IL-6, TNF-α, and RANKL
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Figure 4: Cell viability, proliferation and RNA content of MC3T3-E1 cells (a) LDH activity measured from culture media collected after 2,
7 and 14 days of culture. Data expressed as a relative to the mean value of the TCP group at day 2, which was set as 100%. (b) Number of
nuclei were counted with the ImageJ software and referred to the number of cells/mm2. (c) RNA content of cells attached after 2, 7 and 14
days of culture. Values represent the mean ± SEM. Student’s t-test: ∗P ≤ 0.05 versus TCP; #P ≤ 0.05 versus TiOblast.

using the solid phase sandwich multiplex bead immunoas-
says (Mouse Bone Panel 1B LINCOplex kit and Mouse
RANKL single-plex kit, Cat#MBN1B-41K and Cat#MBN-
41K-1RANKL, Linco Research, St. Charles, MO, USA)
according to the manufacturer’s protocol. Multianalyte pro-
filing was performed on the Luminex-100 analyser (Luminex
Corporation, Austin, TX, USA).

2.12. Calcium Crystal Deposition Quantification. After 14
days of cell culture, the entire surface of TiOblast and
OsseoSpeed titanium coins (n = 2) were examined for
calcium deposition with a tabletop scanning electron micro-
scope (SEM) (TM-1000, Hitachi, Tokyo, Japan). Cell layers

were dried in increasing concentrations of ethanol followed
by critical point drying (E3000, Quorum Tech, Ashford, UK)
and sputter coated with a thin layer of carbon (Cressington
Carbon Coater 108/carbon A, Cressington Scientific Intru-
ments Ltd, Watford, UK). A 250x magnification was used to
examine the shape, size, and number of calcium crystals. The
composition of the crystals was analysed by energy dispersive
X-ray spectroscopy (EDS unit, TM-1000, Hitachi, Tokyo,
Japan).

2.13. Statistical Analysis. All data are presented as mean
values ± SEM. Differences between groups were assessed
by Student’s t-test, using the program SPSS for Windows,
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Table 1: Sense (S) and antisense (A) sequences of the primers used in the real-time PCR of target and housekeeping genes.

Gene Primer sequence (5′ to 3′) GeneBank accession number Amplicon size (base pairs)

ALP
S AACCCAGACACAAGCATTCC

X13409 151
A GAGAGCGAAGGGTCAGTCAG

BSP
S GAAAATGGAGACGGCGATAG

L20232 141
A ACCCGAGAGTGTGGAAAGTG

CD44
S CTTCCATCTTGACCCGTTGT

XM 283773 175
A ACAGTGCTCCTGTCCCTGAT

Coll-I
S AGAGCATGACCGATGGATTC

NM 007742 177
A CCTTCTTGAGGTTGCCAGTC

Dlx2
S AGTTCGTCTCCGGTCAACAA

NM 010054.1 125
A GCCGCCAGCTGGAAACTGGA

Hes1
S CTGCAGCGGGCGCAGATGAC

NM 008235.2 114
A ACACGTGGACAGGAAGCGGG

IGF-I
S GCTCTTCAGTTCGTGTGTGG

U75390 142
A ACATCTCCAGCCTCCTCAGA

IL-6
S CCGGGAGCAGTGTGAGCTTA

NM 031168 171
A TAGATGCGTTTGTAGGCGGTC

OPG
S AGACCATGAGGTTCCTGCAC

U94331 131
A AAACAGCCCAGTGACCATTC

Osx
S ACTGGCTAGGTGGTGGTCAG

NM 007419 135
A GGTAGGGAGCTGGGTTAAGG

RANKL
S GGCCACAGCGCTTCTCAG

AF019048 141
A TGACTTTATGGGAACCCGAT

Smad1
S ATGCCAGCTGACACACCCCC

NM 008539.3 112
A TTTCAGCGGGCAGTGGAGGC

Smad5
S GGAGTTTGCTCAGCTTCTGG

NM 008541.2 134
A TGGTGACGTCCTGTCGGTGGT

18S rRNA
S GTAACCCGTTGAACCCCATT

X00686 151
A CCATCCAATCGGTAGTAGCG

GAPDH
S ACCCAGAAGACTGTGGATGG

XM 132897 171
A CACATTGGGGGTAGGAACAC

version 17.0. Results were considered statistically significant
at the P ≤ 0.05 level.

3. Results

3.1. Surface Topographic Characterization. Topographical
analyses by blue-light profilometry (Table 2) revealed a sig-
nificant increase of Sa for the OsseoSpeed surfaces compared
to TiOblast. Surface skewness was negative for both groups,
and they can be imagined as bearing surfaces with holes. The
skewness was significantly increased for OsseoSpeed. Surface
kurtosis was significantly higher for TiOblast, indicating a
more rounded appearance of the TiOblast surfaces. The core
fluid retention index was significantly higher for OsseoSpeed,

in accordance with the Sa values and pointing to a better fluid
retention for OsseoSpeed surfaces.

3.2. Cell Adhesion and Morphology. Observation of the cell
monolayer by SEM microscopy (Figures 1 and 2) and by flu-
orescence microscopy (Figure 3) confirmed that MC3T3-E1
cells attached well to both Ti surfaces, resulting in similar cell
proliferation at the different time points investigated. Cell
shape was examined in detail after 2 days. On OsseoSpeed
surface, cells exhibited a more branched shape morphology
compared to TiOblast.

3.3. Cell Viability, Proliferation, and RNA Content. In order
to determine the effect of the different Ti surfaces and TCP
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Table 2: Topographical parameters analysed by blue light profilometry of the titanium surfaces used in the studies.

TiOblast OsseoSpeed P

Sa/μm 0.77 ± 0.06 1.35 ± 0.04 8.3E − 08

Ssk −0.38 ± 0.05 −0.2 ± 0.08 0.003

Sku 3.92 ± 0.05 3.46 ± 0.11 0.00002

Sci 1.41 ± 0.02 1.47 ± 0.02 0.002

Mean values and standard deviation are presented (n = 5, 3 combined measurements per sample); Student’s t-test being performed between “TiOblast” and
“OsseoSpeed”. Legends: Sa: average height deviation from the mean plan, Ssk: surface skewness, Sku: surface kurtosis, and Sci: core fluid retention index.

#

500

400

300

200

100

0

B
M

P-
2 

re
le

as
e 

(p
g/

m
L

)

TiOblast OsseoSpeed

Figure 5: BMP-2 released to culture media after 2 days of culture.
Values represent the mean ± SEM. Student’s t-test: #P ≤ 0.05.

on the cell viability after short- and long-term cell culture
on the titanium implants, the LDH activity in the culture
media was measured after 2, 7, and 14 days (Figure 4(a)).
No differences were found between the OsseoSpeed and
TiOblast in the LDH activity at any of the days analysed.
However, after 14 days of culture, cells cultured onto TCP
showed significantly higher levels of LDH activity compared
to cells cultured onto Ti implants. Counting of cells at
the different time points using DAPI staining (Figure 4(b)),
revealed no differences in cell proliferation between the two
Ti surfaces. RNA content was quantified from cell monolayer
after 2, 7, and 14 days of culture (Figure 4(c)). No differences
were observed among the different groups, although RNA
content increased from 2 to 7 days of cell culture.

3.4. BMP-2 Release. The potential to initiate osteogenic
differentiation after 2 days of culture was investigated by
measuring the BMP-2 release to the culture media using
a BMP-2 immunoassay (Figure 5). OsseoSpeed titanium
implants induced a significant higher release of BMP-2
compared to TiOblast.

3.5. Gene Expression of Osteogenic Markers. The differenti-
ation of MC3T3-E1 cells cultured on the different implant
surfaces and onto plastic was examined by analysing the
gene expression after 2, 7, and 14 days of cell culture. As
seen in Figures 6, 7, and 8, gene expression levels of fifteen

different genes related to osteogenic differentiation like
transcriptional factors and regulators, extracellular matrix
molecules, cytokines, growth factors, and functional markers
were analysed.

Regarding the osteogenic markers (Figure 6), coll-I
mRNA expression was significantly higher in cells cultured
onto both titanium surfaces compared to those cultured in
plastic after 14 days. BSP mRNA expression was upregulated
in cells cultured on plastic compared to those cultured
on both titanium surfaces. Statistical differences were seen
after 2 and 7 days of culture. After 14 days of culture,
the OsseoSpeed group displayed higher BSP mRNA levels
compared to the TiOblast one. ALP mRNA levels were
significantly higher in cells cultured onto plastic compared
to those cultured on both titanium surfaces after 2 and
7 days of culture, while after 14 days, ALP levels of cells
cultured on both titanium surfaces were higher than those
cultured on plastic, although just the OsseoSpeed group
reached statistical significance. CD44 mRNA levels were
significantly higher in cells cultured on plastic compared
to those cultured on both titanium surfaces (day 7) and
compared to the TiOblast group (day 2). After 14 days of
culture, no differences were observed between groups.

As regards transcriptional factors and regulators
(Figure 7), no significant differences were found for Dlx2
and Hes1 among the groups at the different time points,
although their gene expression decreased likewise over the
time period studied. osterix mRNA levels were higher in
cells cultured on both titanium surfaces compared to those
cultured on plastic after 2 days of culture. After 14 days
of culture, OsseoSpeed implants induced an upregulation
osterix mRNA compared to TiOblast. After 14 days of
culture, the OsseoSpeed group displayed higher Smad1
mRNA levels compared to TCP. Smad5 mRNA expression
was significantly up-regulated in the TCP group compared
to the TiOblast one after 2 days of culture, and no differences
were observed afterwards.

Regarding cytokines and growth factors (Figure 8), IGF-I
mRNA expression was significantly higher in cells cultured
on plastic compared to those cultured on both titanium
surfaces after 2 and 7 days of culture. However, after 14
days, IGF-I levels of cells cultured on the OsseoSpeed group
were significantly higher than for the other groups. No
significant differences were found for IL-6 or OPG mRNA
levels among the groups at the different time points and their
expression decreased likewise over the time period studied.
RANKL mRNA levels (day 7) were significantly higher in the
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Figure 6: Relative mRNA levels of osteogenic markers (Coll-I, BSP, ALP, CD44) after 2, 7, and 14 days of culture. Ratios of target genes
relative to housekeeping genes (GAPDH, B-actin) were expressed relative to the mean value of the TCP group at day 2, which was set as
100%. Values represent the mean ± SEM. Differences between groups (n = 6) were assessed by Student’s t-test. #P ≤ 0.05 versus TiOblast;
∗P ≤ 0.05 versus TCP.

OsseoSpeed group compared to the TCP one. No differences
were seen for the other groups or time points for this
gene.

3.6. Osteocalcin, Osteoprotegerin, and IL-6 Release. Osteo-
calcin, OPG, and IL-6 release to the culture media was
determined by a Luminex bioassay after 2, 7, and 14 days
of culture in the TiOblast, the OsseoSpeed and TCP groups
(Figure 9). TNF-α and RANKL levels were under detection
levels in all cell culture supernatants and are thus, not
presented. Osteocalcin and OPG release was higher in both
implant groups compared to TCP after 7 and 14 days of
culture. After 2 days, cells cultured on TiOblast surfaces
released higher amounts of OPG than those cultured on
OsseoSpeed surfaces. IL-6 release was higher in the TiOblast
group than in the TCP one after 7 days of culture.

3.7. ALP Activity and Crystal Deposition. No statistical dif-
ferences were found for ALP activity in the culture medium
after 2, 7, and 14 days of cell culture (Figure 10). However,
ALP activity in the OsseoSpeed group tended to be higher
than in the TiOblast one.

After 14 days of culture, cells cultured on OsseoSpeed
titanium surfaces displayed a higher number of calcium
crystals compared to those cultured on TiOblast surfaces
(16.5± 1.5 versus 9.5± 0.5, respectively; P = 0.047).

4. Discussion

The present study provides a wide characterization of the
in vitro osteogenic properties of two commercial surfaces,
TiOblast and OsseoSpeed. TiOblast was the first moderately
roughened implant surface with 10 years followup reported
in the literature and the precursor of the OsseoSpeed surface
[18–20]. The OsseoSpeed surface is a further development
introduced in 2004 that incorporates small amounts of
fluoride ions in the oxide layer, a slight increase on the
micrometer scale in surface roughness, and the appearance of
a nanoscale topography. In the present work, we showed the
topographical differences between the two surfaces, mainly
an increase in the Sa value in the OsseoSpeed surface,
but also changes in surface skewness, kurtosis, and the
core fluid retention index. The obtained results confirm
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Figure 7: Relative mRNA levels of transcriptional factors and regulators (Hes1, Dlx2, Osx, Smad1, Smad5) after 2, 7 and 14 days of culture.
Ratios of target genes relative to housekeeping genes (GAPDH, B-Actin) were expressed relative to the mean value of the TCP group at day
2, which was set as 100%. Values represent the mean ± SEM. Differences between groups (n = 6) were assessed by Student’s t-test. #P ≤ 0.05
versus TiOblast; ∗P ≤ 0.05 versus TCP.

that OsseoSpeed surface show an increased micrometer-
scale surface roughness, together with the formation of
nanostructures, as reported in earlier studies [11]. The
presence of micro- and nanoscale topography in OsseoSpeed
compared to TiOblast surface and the addition of fluoride,

did not change the biocompatibility of the implants and
the initial attachment and proliferation of the MC3T3-E1
cells. However, it was observed that OsseoSpeed surfaces
induced a more branched cell morphology. It has been
reported that this cell shape may increase the contractility
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Figure 8: Relative mRNA levels of cytokines and growth factors (IGF-I, IL-6, OPG, RANKL) after 2, 7, and 14 days of culture. Ratios of
target genes relative to housekeeping genes (GAPDH, B-actin) were expressed relative to the mean value of the TCP group at day 2, which
was set as 100%. Values represent the mean ± SEM. Differences between groups (n = 6) were assessed by Student’s t-test. #P ≤ 0.05 versus
TiOblast; ∗P ≤ 0.05 versus TCP.

of the cytoskeleton and lead to preferential osteoblastic
differentiation [21], which has been found in the present
study for the OsseoSpeed surface compared to TiOblast. The
increase found in the LDH activity on the TCP surface after
14 days is most probably due to the higher proliferation
and/or cellular activity at this later time point on TCP.

MC3T3-E1 osteoblast-like cells undergo a developmental
sequence of proliferation and differentiation similar to
primary cells in culture [22]. Osteoblast maturation in vitro
is characterised by changes in gene expression at each devel-
opmental stage [23–26]. Modulation of these expressed genes
is subjected to a transcriptional control regulated by growth
factors and cytokines [23, 26]. BMP-2 is a highly potent
growth/differentiation factor that induces differentiation of
progenitor cells into the osteoblast lineage, and exhibits
this osteogenic action by activating Smad signaling and by
regulating transcription of osteogenic genes. Thus, the higher
release of BMP-2 found in the OsseoSpeed group could
initiate osteogenic differentiation through the regulation of
transcriptional factors.

Runt-related transcription factor 2 (Runx2) is a master
regulator of osteogenic gene expression that is necessary for
the osteoblast lineage commitment and, as well, regulates
osteoblast differentiation [27]. Here, we did not determine
Runx2 mRNA levels since, as we have previously reported
that Runx2 mRNA expression is constant during osteoblast
differentiation [28], probably due to the fact that MC3T3-
E1 cells are already committed to the osteoblast lineage.
Nevertheless, we have analysed the expression of different
transcription factors that have been described to interact
with Runx2: Dlx2, a downstream target of BMP-2 that is
thought to directly activate Runx2 and Osterix genes [29],
and Hes1 that can stimulate the transactivating function of
Runx2 [30], although it negatively regulates bone phenotypic
maturation and its expression decreases during osteoblast
differentiation [31]. We have previously reported that Hes1
and Dlx2 are early responsive genes to roughness and
fluoride treatment of titanium implants [32]. In our previous
report, both genes were downregulated by fluoride treatment
of rough titanium implants after one day in primary human
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Figure 9: OC, OPG, and IL-6 released to culture media after 2, 7, and 14 days of culture. Values represent the mean ± SEM. Student t-test:
∗P ≤ 0.05 versus TCP; #P ≤ 0.05 versus TiOblast.

osteoblasts. Here, no differential regulation was found for
these two genes among the two surfaces analysed, neither
when compared to TCP. The difference between the results
may have been caused by differences in the surfaces used for
comparison and differences in the cell model.

The Smad family of proteins has been identified as
the downstream propagators of BMP signals [33]. BMP-
activated Smads induce Runx2 gene expression and Smads
interact physically with the Runx2 protein to induce
osteoblast differentiation [34]. In particular, Smad1 and
Smad5 are necessary for BMP-mediated Runx2 acetylation
[35]. We found no important changes on Smad1 and Smad5
at the different time points and groups analysed; only Smad1
showed higher significant levels in OsseoSpeed compared to
TCP. Thus, although Smad expression patterns are informa-
tive, future studies should investigate their phosphorylation
stage to find out whether their activity is regulated in the
different surfaces.

Osterix is another transcription factor downstream of
Runx2 which is required for the ongoing differentiation
within the osteogenic pathway [36], being involved in the
differentiation step from preosteoblast to fully functional
osteoblast [37]. Here we found higher Osx mRNA levels
in cells cultured onto OsseoSpeed implants compared to
TiOblast, in agreement with earlier observations [8, 10].

Other osteogenic markers were analysed during osteo-
blast differentiation. Type I collagen is expressed in high
levels in the early proliferation stage, which is gradually
decreased as the cell matures. This downregulation was only
observed in the TCP group, while TiOblast and OsseoSpeed
showed higher coll-1 mRNA levels. In agreement with these
results, Masaki et al. [10] also found higher mRNA levels of
coll-I in human palatal mesenchymal stem cells cultured on
TiOblast and OsseoSpeed than on TCP after 3 days, although
these differences were not significant. Alkaline phos-
phatase increases during extracellular matrix maturation
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Figure 10: ALP activity measured from culture media collected
after 2, 7, and 14 days of culture. Data expressed as a relative to
the mean value of the TCP group at day 2, which was set as 100%.
Values represent the mean ± SEM. Student t-test: ∗P ≤ 0.05 versus
TCP; #P ≤ 0.05 versus TiOblast.

then decreases when mineralization is well progressed and
bone sialoprotein is transiently expressed very early and then
upregulated again in differentiated osteoblasts at the onset
of mineralization [23, 26]. These two markers, that reflect
a more advanced stage of osteoblast differentiation, showed
higher mRNA levels on TCP up to the first week, while
OsseoSpeed surfaces increased their levels greatly after 14
days, indicating that extracellular matrix of cells seeded on
TCP was mature and competent for mineralization after 1
week and on OsseoSpeed surfaces after 2 weeks. This also
indicates that differentiation of MC3T3-E1 cells on TiOblast
was delayed compared to OsseoSpeed surface. These results
are in line with those obtained in the present study for
the higher ALP activity and number of crystals deposited
in the cell monolayer of OsseoSpeed surface. Using the
same in vitro model, another study [8] did not observe
significant differences in BSP between the two titanium
surfaces, although in this case the roughness was similar, and
the titanium particles for grit-blasting¡?bhlt?¿was smaller.
Finally, CD44 was analysed as this marker has been indicated
to be expressed in higher levels in osteocytes [38]. However,
the analysis did not reveal important differences between the
two titanium surfaces investigated, only for the TCP group.

Besides these bone-specific markers, the effect of the
different titanium implant surfaces on the expression of
different growth factors and cytokines involved in bone
formation was analysed. IL-6 is a cytokine produced by
cells of the osteoblast and osteoclast lineages that not
only has a role in inflammation but also increases bone
resorption and possibly bone remodeling [39]. Both the
mRNA levels and the secretion of IL-6 decreased over the
time in cell culture, but in a lesser extent for TiOblast

surface. IGF-I induces osteoblast proliferation, bone col-
lagen, and matrix synthesis [40, 41] and stimulates the
activity of alkaline phosphatase [42]. Similar to other
osteogenic markers commented before, this growth fac-
tor was significantly upregulated in OsseoSpeed surface
compared to both TCP and TiOblast. Similar results have
been found in a previous study in vivo [16], suggesting
that IGF-I might play an important role stimulating bone
formation when administered in combination with fluoride
[43].

Osteoblasts exert a crucial function in osteoclast activa-
tion and differentiation, through the production of specific
biological mediators such as the activator of nuclear factor
k B ligand (RANKL) and its antagonist osteoprotegerin
(OPG). In the present work, the total amount of RANKL
produced by MC3T3-E1 osteoblasts was below the detection
limit of the Luminex assay (3 pg/mL), while OPG was
detected in the supernatant during the whole culture period,
was similar to the reported results by Guida and coworkers
using ELISA [44]. However, OPG production found in this
study was similar between TiOblast and OsseoSpeed group
in MC3T3-E1 osteoblasts, with higher levels on titanium
when compared to TCP. As a trend, TiOblast surfaces
showed higher levels than OsseoSpeed, opposite to the
results obtained in human bone marrow mesenchymal stem
cells [44]. Due to the lack of differences in OPG/RANKL
mRNA levels and the secretion of OPG, we conclude that
in MC3T3-E1 cells, the levels of OPG/RANKL are not
regulated by the different surfaces used in the study. Other
authors have reported increased OPG levels in response
to rough surfaces [45] and different chemical composition
[46].

In conclusion, the results from the present study
demonstrate that the gain of using OsseoSpeed surface is
an improved osteoblast differentiation and mineralization,
without additional effects on cell viability or proliferation.
The enhanced in vitro osteogenic properties are in line
with the improved osseointegrating properties and clinical
performance of fluoride-modified titanium implants [47–
49].
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[33] Y. Shi and J. Massagué, “Mechanisms of TGF-β signaling from
cell membrane to the nucleus,” Cell, vol. 113, no. 6, pp. 685–
700, 2003.

[34] K. S. Lee, H. J. Kim, Q. L. Li et al., “Runx2 is a common target
of transforming growth factor β1 and bone morphogenetic
protein 2, and cooperation between Runx2 and Smad5 induces
osteoblast-specific gene expression in the pluripotent mes-
enchymal precursor cell line C2C12,” Molecular and Cellular
Biology, vol. 20, no. 23, pp. 8783–8792, 2000.

[35] E. J. Jeon, K. Y. Lee, N. S. Choi et al., “Bone morphogenetic
protein-2 stimulates Runx2 acetylation,” Journal of Biological
Chemistry, vol. 281, no. 24, pp. 16502–16511, 2006.

[36] K. Nakashima, X. Zhou, G. Kunkel et al., “The novel zinc
finger-containing transcription factor Osterix is required for
osteoblast differentiation and bone formation,” Cell, vol. 108,
no. 1, pp. 17–29, 2002.

[37] A. Ulsamer, M. J. Ortuño, S. Ruiz et al., “BMP-2 induces
osterix expression through up-regulation of Dlx5 and its
phosphorylation by p38,” Journal of Biological Chemistry, vol.
283, no. 7, pp. 3816–3826, 2008.

[38] D. E. Hughes, D. M. Salter, and R. Simpson, “CD44 expression
in human bone: a novel marker of osteocytic differentiation,”
Journal of Bone and Mineral Research, vol. 9, no. 1, pp. 39–44,
1994.

[39] R. L. Jilka, G. Hangoc, G. Girasole et al., “Increased osteoclast
development after estrogen loss: mediation by interleukin-6,”
Science, vol. 257, no. 5066, pp. 88–91, 1992.

[40] E. Canalis, “Effect of insulinlike growth factor I on DNA and
protein synthesis in cultured rat calvaria,” Journal of Clinical
Investigation, vol. 66, no. 4, pp. 709–719, 1980.

[41] J. M. Hock, M. Centrella, and E. Canalis, “Insulin-like growth
factor I has independent effects on bone matrix formation and
cell replication,” Endocrinology, vol. 122, no. 1, pp. 254–260,
1988.

[42] T. Noda, H. Tokuda, M. Yoshida et al., “Possible involvement
of phosphatidylinositol 3-kinase/Akt pathway in insulin-
like growth factor-I-induced alkaline phosphatase activity in
osteoblasts,” Hormone and Metabolic Research, vol. 37, no. 5,
pp. 270–274, 2005.

[43] P. Ammann, R. Rizzoli, J. Caverzasio, and J. P. Bonjour,
“Fluoride potentiates the osteogenic effects of IGF-I in aged
ovariectomized rats,” Bone, vol. 22, no. 1, pp. 39–43, 1998.

[44] L. Guida, M. Annunziata, A. Rocci, M. Contaldo, R. Rullo, and
A. Oliva, “Biological response of human bone marrow mes-
enchymal stem cells to fluoride-modified titanium surfaces,”
Clinical Oral Implants Research, vol. 21, no. 11, pp. 1234–1241,
2010.

[45] S. Lossdörfer, Z. Schwartz, L. Wang et al., “Microrough
implant surface topographies increase osteogenesis by reduc-
ing osteoclast formation and activity,” Journal of Biomedical
Materials Research Part A, vol. 70, no. 3, pp. 361–369, 2004.

[46] P. Spyrou, S. Papaioannou, G. Hampson, K. Brady, R. M.
Palmer, and F. McDonald, “Cytokine release by osteoblast-like
cells cultured on implant discs of varying alloy compositions,”
Clinical Oral Implants Research, vol. 13, no. 6, pp. 623–630,
2002.

[47] M. Rödiger, H. Schliephake, E. McGlumphy, and K. Phillips,
“Early loading of fluoride-modified implants in the posterior

mandible—5-year-results,” in IADR, San Diego, Calif, USA,
2011.

[48] C. Mertens and H. G. Steveling, “Early and immediate loading
of titanium implants with fluoride-modified surfaces: results
of 5-year prospective study,” Clinical Oral Implants Research,
vol. 22, no. 12, pp. 1354–1360, 2011.

[49] O. Geckili, E. Mumcu, and H. Bilhan, “Radiographic eval-
uation of narrow diameter implants after 5 years of clinical
function a retrospective study,” Journal of Oral Implantology.
In press.



Hindawi Publishing Corporation
International Journal of Biomaterials
Volume 2012, Article ID 381535, 5 pages
doi:10.1155/2012/381535

Review Article

Effects of Surface Charges on Dental Implants:
Past, Present, and Future

Cecilia Yan Guo, Jukka Pekka Matinlinna, and Alexander Tin Hong Tang

Department of Dental Materials Science, Faculty of Dentistry, University of Hong Kong, 34 Hospital Road, Sai Ying Pun, Hong Kong

Correspondence should be addressed to Jukka Pekka Matinlinna, jpmat@hku.hk

Received 20 March 2012; Accepted 12 September 2012

Academic Editor: Carlos Nelson Elias

Copyright © 2012 Cecilia Yan Guo et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Osseointegration is a major factor influencing the success of dental implantation. To achieve rapid and strong, durable
osseointegration, biomaterial researchers have investigated various surface treatment methods for dental subgingival titanium (Ti)
implants. This paper focuses on surface-charge modification on the surface of titanium dental implants, which is a relatively new
and very promising methodology for improving the implants’ osseointegration properties. We give an overview on both theoretical
explanations on how surface-charge affects the implants’ osseointegration, as well as a potential surface charge modification
method using sandblasting. Additionally, we discuss insights on the important factors affecting effectiveness of surface-charge
modification methods and point out several interesting directions for future investigations on this topic.

1. Introduction

A major factor that determines the success of dental implan-
tation is osseointegration, which is the stable anchorage of an
implant in living bone achieved by direct bone-to-implant
contacts [1, 2]. Osseointegration derives from the Greek
osteon (bone) and the Latin verb integrare (to make whole).
The term refers to the direct structural and functional
connection between living bone tissues and the surface
of a load-bearing dental subgingival implant. Per-Ingvar
Brånemark (b. 1929), a Swedish orthopaedic surgeon and
research professor acknowledged as the “father” of modern
dental implantology, proposed that titanium (Ti) implants
integrate such that the bone is laid very close to the implant
without any intervening connective tissue. It was shown that
the titanium dioxide, TiO2, layer permanently fuses with the
bone, as Brånemark et al. showed in 1950s [3].

High-quality osseointegration stand for an accelerated
healing process, high stability, and durability of the dental
implant. This paper focuses on dental implants made of
titanium and its alloys, which are commonly used due to
their superior mechanical and biological properties. Using
current materials and techniques, a titanium dental implant
requires several months to osseointegrate with its adjacent

bone. Moreover, the osseointegration is incomplete: analysis
of retrieved titanium implants shows that the bone-to-
implant attachment is far from perfect; in particular, the
percentage of bone-to-implant contact area averages 70%–
80%, with a minimum of 60%, even for successful implants
that had lasted for up to 17 years [4]. Therefore, much room
remains for the improvement of the surface quality of a
titanium dental implant, in terms of the rate and strength
of its osseointegration.

In light of this goal, it is crucial to understand the
interactions between the host bones and the titanium
implant in a living body which occurs mostly in the bone-
implant interface. Both in vitro and in vivo studies showed
that such interactions depend mainly upon the implant’s
surface characteristics [5]. Major aspects of the implant’s
surface characteristics include, but not limited to, surface
morphology, surface chemistry, and surface energy, which
significantly affect the initial bone cells’ response to the
implant at the bone-implant interphase [6].

Based on this theory, considerable work has been done
to investigate various surface modification methods to
improve the osseointegration of a titanium dental implant,
such as surface-roughening (e.g., sandblasting and/or acid-
etching) and coating, for example, with hydroxyapatite (HA),
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Ca10(PO4)6(OH)2, to improve the implant’s bioactivity [5].
However, most existing methods incur some drawbacks.
For instance, surface roughening methods often lead to
increased soft-tissue growth onto the bone-implant interface
[5], which negatively affects the contact between the implant
and its host bone. On the other hand, the HA coating layer
tends to disintegrate under certain circumstances, which
causes cracks on the implant’s surface [5]. Hence, researchers
are still searching for new surface-treatment methods that
avoid the above drawbacks. For instance, the use of direct
silanization of polished Ti has been studied and proposed as
a coating method [7].

The surface energy of a biomaterial is determined by the
material’s surface-charge density and the net polarity of the
charge. Compared to an electrically neutral surface, a surface
with net positive or negative charge may be more hydrophilic
[8]. The surface-charge of a dental implant is known to be a
key factor to guild bone cells adhesion and early stage bone
mineralization in the bone-implant interface. Thus, surface-
charge modification seems to be a promising new direction
for improving the osseointegration of a titanium dental
implant. Although surface-charge modification is a relatively
new methodology, it has been rapidly gaining research
attention in recent years. The main challenge, however, lies
in effective modification of the surface-charge of the dental
implant material. The main objective, hence, is to develop
effective and practical techniques that create a long-lasting
electric field on the implant’s surface, in order to promote the
implant’s osseointegration without incurring the drawbacks
of existing surface-treatment methods.

1.1. Titanium Surface: Oxides. Titanium (Ti) is the most
widely used metallic material for dental subgingival
implants, due to its invaluable and outstanding biomedical
and biomechanical properties. These are its availability, high
biocompatibility, high strength and stiffness and, relatively
low density. More importantly, titanium implants are known
to osseointegrate with living bone tissues. Ti is recognized for
its high strength-to-weight ratio. Titanium is a strong metal
with low density, and especially in oxygen-free circumstances
it is also quite ductile. Ti is lustrous, metallic-white in
color and it is paramagnetic, having fairly low thermal and
electrical conductivity [9]. Ti is also a material of choice in
prosthetic dentistry and Ti resin bonding is promoted using
silica-coating methods [10].

Although the so-called commercially pure Ti has
acceptable mechanical properties and has been used for
orthopaedic and dental subgingival implants, for most
applications titanium is alloyed with small amounts of Al and
V, typically 6 wt-% and 4 wt-%, respectively. Such Ti alloy is
Ti-6Al-4V (a.k.a Ti6Al4V or Ti 6–4), is the most commonly
used Ti-alloy. It has a chemical composition of 6% Al, 4%
V, ≤0.25% Fe (maximum), ≤0.2% O2, and the balance Ti.
Commercially pure (c.p. Ti) is available in four grades where
the oxygen content varies between 18 wt-% and 0.40 wt-
% and Fe content between 0.20 wt-% and 0.50 wt-%. The
apparently slight concentration differences have, however, a
substantial effect on the physical and mechanical properties

of c.p. Ti. At RT c.p. Ti has a hexagonal close-packed (h.c.p.)
crystal lattice and is called the α-Ti (so-called α-phase). On
heating, an allotropic phase transformation occurs: at 883◦C,
it forms a body-centered cubic (b.c.c.) lattice, labeled as β-
phase. Ti is a reactive metal: in air and aqueous electrolytes,
it forms spontaneously a dense oxide film at its surface.

Ti is a dimorphic metal: the α-form has a hexagonal
structure below 882.5◦C, while the β-form stays body-
centered cubic above 882.5◦C. Ti is brittle when cold, and
malleable when hot, however, it can be ductile only when
it is free of oxygen. On the other hand, traces of nitrogen
or oxygen increase its strength. It is attacked by acids only
on heating, and nitric acid, HNO3, oxidized Ti to TiO2.
Melting Ti is cumbersome because at 800◦C it combines
with nitrogen which sets high requirements for casting Ti—
a protective atmosphere is vital. Ti forms alloys with Al, Cr,
Co, Cu, Fe, V, Fe, Ni and Sn [11].

Titanium is highly biocompatible, as a result of low-
toxicity and a low rate of ion release from its surface non-
toxic, and it is not rejected by the body [5]. Such properties
are unanimously understood to be the consequence of an
inert surface oxide film. When pure titanium or its alloys
are exposed to air, a layer of titanium dioxide, TiO2, with
a thickness of approximately 2–5 nm can often be formed
in a few seconds. This thin film also protects the titanium
materials, making the latter highly resistant to corrosion.
TiO2 is insoluble in water and dilute acids but slowly
dissolves in concentrated sulphuric acid. Several phases
containing between 63.6–65.5 atom-% of oxygen have been
indentified: these Ti oxides are of formulae TiO1.752 to
TiO1.902. Titanium (III) oxide, Ti2O3, behaves as a basic
oxide, and is prepared by heating TiO2 with carbon. Ti2O3

is a violet powder. Interestingly, Ti oxide with the valence
+2, TiO, shows marked nonstoichiometry in its composition.
At elevated temperatures, at around 1400◦C, TiO has a
defect crystal lattice over the composition range TiO0.64 to
TiO1.27 and electrical neutrality is preserved in the crystal by
changes in the charges on the Ti ions. Also oxides, such as
Ti3O5 and Ti2O, have been detected and identified in special
circumstances at elevated temperatures [9, 12].

2. Surface-Charge Modification for
Titanium Dental Implants

2.1. Surface-Charge and Apatite-Layer Formation. A special
group of biomaterials, including bioactive glass and glass-
ceramics, have the ability to form direct bonding with
bone. When such materials are inserted into living body,
an intermediate biologically active bone-like apatite layer
starts to form in the material-bone interface, through which
the material can bond to bone [13]. Several previous
studies conjecture that the formation this apatite layer on
the implant’s surface is a prerequisite for the implant to
bond to living bone in a biological environment [14, 15].
Metals, including titanium and its alloys, cannot directly
bond effectively to living bone. In order to build such
bonds, various methods have been proposed to coat ceramic
materials onto titanium dental implants, which help to form
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a biologically active bone-like apatite layer [16]. Bioactive
retention can be achieved in cases where the implant is
coated with bioactive materials such as hydroxyapatite. These
bioactive materials stimulate bone formation leading to a
physicochemical bond: the implant is anchylosed with the
bone. However, as we mentioned before, the coating layer
(e.g., HA) may easily peel off from its underlying titanium
alloy. An alternative approach overcomes this problem by
enabling titanium materials themselves to form a bone-
bonding layer. Using TiO2 gel, Li et al. successfully induced
bone-like apatite formation on titanium-based material in
simulated body fluid [13]. This result shows that it is possible
for titanium and its alloys to form an apatite layer though
appropriate treatments.

It has also been shown that NaOH-etched and subse-
quently heat-treated titanium possesses the ability to directly
form an apatite layer, which has been applied to artificial
hip joints, and clinically used in Japan since 2007 [17]. This
phenomenon is explained by the electrostatic interactions
of sodium titanate, Na2Ti3O7, on the titanium material’s
surface with ions in the living body [16, 18]. The above
treatment produces a negatively charged sodium titanate
layer on the surface of the titanium material, which attracts
positively charged Ca2+ ions. Ca2+ ions exhibit higher bind-
ing affinity compared to other cations such as K+, Na+, and
Mg2+; consequently, Ca2+ are predominantly absorbed on a
negatively charged biomaterial surface in a biological envi-
ronment. After Ca2+ ions accumulate on the biomaterial’s
surface, the surface becomes positively charged; hence, the
surface starts to attract negatively charged phosphate ions,
which react with the Ca2+ ions to form a calcium phosphate
(i.e., a type of apatite) layer [17]. This calcium phosphate
layer takes an amorphous structure after its formation, and it
subsequently transforms into more stable crystalline apatite.

Ever since the invention of surface-treatment methods
for inducing the apatite-forming ability of titanium materi-
als, it is believed that a negatively charged surface is essential
to obtain a bioactive material with good osseointegration
properties [19]. A large number of research papers have
emphasized the importance of surface-charge in the forma-
tion of the apatite layer, as well as in the surface interactions
between the titanium material and the biologic environment
[13, 20–24]. Li et al. illustrate that a successful apatite inducer
for titanium implants could be a material which has and/or
develops both negative surface-charge and abundant OH−

groups in physiologically related fluid; such materials can
thus be considered as candidates to serve for bone-bonding
materials [13].

While it is widely agreed that negative surface-charge is
more effective for promoting bone-implant interaction of
titanium dental implants, some researchers hold the view
that positive surface-charge may also be of help. For instance,
it is reported that a positively charged titanium implant can
develop a bone-like apatite layer [25].

2.2. Surface-Charge and Cell Reactions. The osseointegration
of a dental implant material depends upon the cell reactions
of the material, especially cell adhesion onto its surface.
Cell attachment, adhesion, and spreading are the first phase

of the interactions between the host cells and the implant.
These reactions affect the cells’ capacity to stay and prolif-
erate on the implant’s surface, and subsequently generate
bone tissues surrounding the implant [26]. Cell-implant
interactions depend upon the implant’s surface topography,
chemistry and surface energy. These properties do not only
determine the adhesion of cells, but also the orientation
of adsorbed molecules [8]. As described in Section 2.1, the
surface energy of a material is related to the material’s
surface-charge. Thus, previous research has investigated the
influence of the effect of implant’s surface-charge on the cell
reactions to the implant. It was found that on a negatively
charged biomaterial surface, cells proliferate more actively;
meanwhile, multiple layers of cells and enlarged colonies of
osteoblast-like cells were also observed [27]. In contrast, cell
adhesion and proliferation on positively charged biomaterial
were found to be subdued [27].

When a biomaterial is inserted into living body, it absorbs
proteins before cells adhere to its surface [28, 29]. Once
attached on the material’s surface, proteins can mediate
cell-implant interactions [28, 29]. Cells, such as osteoblasts
and fibroblasts, mainly interact with the adsorbed proteins,
rather than with the implant material itself. For such cells,
the implant’s surface-charge influences their reactions to
the implant, by affecting the type and amount of proteins
attached on its surface [30].

In a biological environment, all chemical substances sur-
rounding an electrically neutral implant, including organic
and inorganic ions, proteins, ionic groups, and amino
acids, have equal opportunity to contact and accumulate
on implant’s surface. On the other hand, a charged implant
surface can induce electrical attraction or repulsion between
the implant’s surface and the surrounding chemical species,
depending on their polarity. For example, as explained in
Section 2.1, Ca2+ ions have superior binding affinity to a
negatively charged biomaterial surface and accumulate on
them [31]. Besides the effect on crystal nucleation, another
significant role of Ca2+ is to attract cell-adhesion proteins
(e.g., integrins, fibronectin, and osteonectin), which are
characterized by their capacity to interact with a specific
ligand [27]. These proteins significantly affect the attach-
ment, adhesion, and spreading of osteoblasts, the cells that
form bony tissues [26]. Consequently, osteoblasts attach and
proliferate on a matrix grown on the bone-like apatite layer
formed with Ca2+ ions [27], which may result in faster and
stronger bone-to-implant bonding. In contrast, a positively
charged implant surface attracts anionic groups which act
as antiadhesive molecules, which negatively affect osteoblast
adhesion [27].

Titanium naturally has a dense layer of TiO2 of several
nanometers thick on its surface. In a biological environment
(typical with pH = 7.4), the surface-charge of this TiO2 layer
appears to be only slightly negative. Hence, researchers have
devoted efforts to create a long-lasting, negative electric field
on the titanium dental implant’s surface.

2.3. Sandblasting and Titanium Surface-Charge. Sandblast-
ing is a simple and commonly used surface-treatment
method for titanium dental implants, and it has been shown
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to accelerate osteoblast attachment in a biological environ-
ment [26, 32], thereby enhancing the osseointegration of
the treated titanium implants. Until recently, these desirable
effects of sandblasting have been exclusively attributed to
its roughening effect on the implant’s surface. Guo et al.’s
experiment reveals that current sandblasting techniques also
generate a small amount of negative electric charge on the
titanium material’s surface [33]. Because negative surface-
charge is commonly believed to promote osseointegration of
a titanium material, this experiment suggests that sandblast-
ing’s favorable effects may, at least, be partially explained by
this electrical phenomenon.

In Guo et al.’s experiment [33], Al2O3 grits were blasted
using compressed air onto different groups of titanium
plates. After the sandblasting, an electrostatic meter were
place adjacent to each titanium plate to measure for static
voltage on titanium plants, which is proportional to the
amount of electrical charge on the plate’s surface. The results
show that immediately after sandblasting, the titanium plate
exhibits negative static voltage, meaning that negative charge
is present on the plate. The value of the static voltage (i.e., the
amount of charge) is affected by the sandblasting duration, as
well as environmental factors, such as atmospheric humidity.

The static charge generated by sandblasting, however,
decays with time. In this study, immediately after sandblast-
ing finishes, the static voltage of a titanium plate quickly
decreases [33]. This voltage drop gradually slows down, until
reaching a stable value, which is often a fraction of the initial
voltage obtained by sandblasting. These findings suggest that
there is abundant room for refinement of sandblasting’s
effect on the generation of surface-charge on titanium
implants, which may promise significant improvement of the
osseointegration properties of sandblasted titanium dental
implants.

2.4. Future Research Work to Improve Surface-Charge Gen-
eration. As a simple and economical technique to generate
surface-charge s on titanium surface, it may be of industrial
interest to look into the research issues of sandblast-
induced surface-charge. Although exploratory work has
been done for enhancing the osseointegration of dental
implants through sandblast-induced surface-charge modifi-
cation, there remain several interesting directions of work
that are worth of further investigations. On the theoretical
side, better understanding of the underlying mechanism for
charge generation during sandblasting is important. To be
more precise, it is crucial to understand where the electrical
charge comes from, why and how the charge remains on
the titanium surface, how much charges are needed, and the
factors that affect the amount of charge generated during
the sandblasting process. Such insights help us design and
develop better techniques for sandblast-induced surface-
charge generation.

On the practical side, since a typical dental implant
takes the complex shape of a screw, it is of major interest
to study the distribution of charge on the dental implant’s
surface. This information is critical for targeted charge
strengthening on a screw. Another critical task is to retain
the negative charge on the implant’s surface, in order to

further improve its osseointegration property. As reviewed
in previous sections, the electrical charge that remains on the
sandblasted titanium materials’ surface gradually dispersed
into the atmosphere. Therefore, two possible methodologies
for the retention of the negative charge on the implant’s
surface are (i) generation of a higher amount of sufficient
initial negative charges to allow for natural decay of charges
up to the expiration date of the implant product, and/or (ii)
to retain the surface-charge of the implant after an initial
charging step. These approaches must, at the same time, be
compatible to the therapeutic level of charges present at the
moment of implant insertion to the patient.

Regarding the specific technique of generating charge
through sandblasting-induced surface-charge, yet another
industrial interesting direction for further study is to investi-
gate the major parameters for the sandblasting that influence
the generation of surface-charge for on the titanium dental
implant. Example of such factors includes the materials
used in blasting the implant, the size of the grits, and
the blasting speed. Furthermore, it is interesting to study
whether acid etching, which is commonly applied together
with sandblasting, can help improving the surface-charge of
the titanium implant.

3. Conclusion

This paper has summarized our current knowledge about
the role of surface-charge on the osseointegration properties
of titanium dental implants, and reviewed the state-of-the-
art surface-charge modification methods for such implants.
Specifically, we have described two known mechanisms for
surface-charge to affect the implants’ osseointegration, that
is, by forming an apatite layer, and by attracting certain
types of proteins with desirable reactions from bone-forming
cells. Regarding surface-charge modification methods, we
have presented a recently proposed original work on the
modification of the surface-charge of titanium materials
through sandblasting, and pointed out several important
directions on this topic for further investigations to enable
this technique practically.
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