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Abstract
Purpose: The aims of this study were to compare surface properties of four com-
mercial dental implants and to compare those implant systems’ cell adhesion, which
may be affected by the surface properties, and to provide scientific information on the
selection of implants for clinicians.
Materials and Methods: The surface properties of four commonly used dental im-
plants (3i NanotiteTM, Astra OsseoSpeedTM, Nobel Biocare TiUnite R©, and Straumann
SLActive R©) were studied using MicroSpy profiler, scanning electron microscopy
(SEM), energy dispersive X-ray spectroscopy, and Raman microspectroscopy. Pri-
mary mouse alveolar bone cells were cultured on the surface of implants from the
four companies. After 48-hour culture, SEM in combination with a quantitative anal-
ysis of SEM images was used to examine the cell adhesion. Cell adhesion rates (ratios
of cell surface to implant surface) among different systems were compared.
Results: Distinct differences were found among these implants. Comparisons of
roughness among three locations: flank, top, and valley within the same implant
system, or in the same location among different implants were made. Generally
Astra and Straumann systems showed the roughest surface, whereas 3i showed the
smoothest surface. Multiple cracks were found on the surface of the Nobel Biocare
system, which also had a dramatically lower level of titanium. In addition, rutile phase
of titanium oxide was found in 3i, Astra, and Straumann systems, and anatase phase of
titanium oxide was only detected in the Nobel Biocare system. After 48-hour culture,
Astra and Straumann systems displayed the highest cell adhesion at the areas of flank,
top, and valley of the implant surface. Primary cells also reached confluence on the
valley, but significantly less in the 3i system. Nobel Biocare showed the least cell
adhesion on the flank and valley.
Conclusion: Implant systems have distinct differences in surface properties, leading
to different cell adhesion results. Further in vivo study is needed to study the impact of
the surface characteristics and different cell adhesion on the osseointegration between
implant and bone.

The concept of osseointegration was first introduced by Per-
Ingvar Brånemark in the 1950s.1 Since then, dental implants
have evolved tremendously in all aspects: material, design, sur-
face treatment, abutment connection, restoration options, and
techniques. In North America as well as around the world, den-
tal implants have become a routine treatment in dental offices
and well known to patients. Theoretically, dentists now can
choose from more than 2000 implants from close to 100 im-
plant companies for any particular restoration requirements.2

However, there is no guideline for selection of a specific im-

plant system other than commercial marketing, personal pref-
erences, or anecdotal experiences. Almost all dental implant
companies claim some kind of superiority of their products
in their marketing materials; however, except for the infor-
mation from marketing brochures, it is difficult for clinicians
to decide which system should be used and which system is
better than other systems. Although many implant companies
allege the superiority of their products, it seems that those
claims are not based on sound and long-term clinical scientific
research.2,3
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Table 1 Dental implants used in the study

Company Surface Description Length (mm) Width (mm) Item no.

BIOMET 3i NanoTiteTM Tapered certain PREVAIL 10.0 4/3mm(P) NIITP4310
Nobel Biocare TiUniteTM NobelReplace Tapered groovy 10.0 3.5 32,212
Astra Tech Dental OsseoSpeed R© Tapered, MicroThread 11.0 3.0 24,882
Straumann SLActive R© Straumann bone level implant 10 3.3 021.2110

Currently no evidence or criteria support the products from
one particular implant company producing more reliable clin-
ical results. Eckert et al reviewed the clinical evidence of the
performance of six dental implant systems (Astra, Centerpulse,
DENTSPLY/Friadent, Implant Innovations, Nobel Biocare,
Straumann) certified by the American Dental Association.
A total of 69 references were provided by those six implant
manufacturers, and none directly compared one implant
system with another system.4 Esposito et al systematically
reviewed randomized controlled clinical trials (RCT) compar-
ing different implant systems with a follow-up of 5 years, and
found only four RCTs with sufficient data met the inclusion
criteria. None were conducted in North America, and all
received support from the industry.5 Bhatavadekar examined
publications from 1970 to 2006 using implants from Astra
Tech, Straumann, 3i, and Nobel Biocare, and found the studies
were extremely heterogeneous, making comparisons difficult.6

Although many studies focused on the surface of implants,
very few compared the surface properties and osseointegration
of current commercially available dental implants or provided
guidance for the clinical selection of dental implants.

Immediately following implant placement, the interac-
tion between the cells and implant surface will define the
cell/implant interface and may eventually affect the final
bone/implant interface.7 From the perspective of the host,
the initial healing phase and subsequent osseointegration de-
pend on the availability of osteogenic cells and their capabil-
ity of adhesion and proliferation onto the implant surface.8

From the implant perspective, surface properties play a more
crucial role in cell-surface interaction, because surface prop-
erties can be modified to promote cell adhesion, prolifera-
tion, and differentiation through a variety of modifications
or improvements, including grit blasting, acid-etching, an-
odization, calcium phosphate coating, and plasma-spraying.9-12

Consequently, different implants from different companies
present a variety of implant surfaces with different charac-
teristics of topographic and physicochemical properties,13-17

and all implant companies claim their products provide ex-
cellent osseointegration. Currently, there is a lack of infor-
mation regarding the direct comparison of cell culture or in
vivo comparison among those dental implant systems. One
recent publication compared the cell adhesion on the actual
implant surface; however, the study only selected implants
from one company, and the products are not internationally
recognized.18

In this study, we compared the four most popular dental im-
plants from four major dental implant companies (Biomet 3i,
Astra Tech, Nobel Biocare, Straumann), which in total make
up ∼85% of the world market of dental implants.19 All four

systems had positive in vivo data.20-24 Surface properties of
implants from those companies were analyzed with MicroSpy
Profiler, scanning electron microscopy (SEM), energy disper-
sive X-ray spectroscopy (EDS), and Raman microspectroscopy.
In addition, we studied the interaction of implant surface and
bone cells in those implants. To the best of our knowledge,
our study is the first to directly compare cell adhesion on the
actual implant surface of different implant systems. Moreover,
instead of using cell lines, we used the primary osteoblastic
cells from mouse alveolar bone, which may be more similar
to the phenotype of in vivo cells. Interestingly, our preliminary
data showed that different implant systems displayed different
cell adhesion capability, which may be connected with their
characteristic surface properties.

Materials and methods
Implants

Commercially available implants from four implant compa-
nies were purchased directly from the supplier: 3i NanotiteTM

(4 × 10 mm, Biomet 3i, Palm Beach Gardens, FL), Astra
OsseoSpeedTM (3.1 × 11 mm, Astra Tech, Molndal, Sweden),
Nobel Biocare TiUnite R© (3.5 × 10 mm, Nobel Biocare, Gote-
borg, Sweden), and Straumann SLActive R© (3.3 × 10 mm,
Straumann, Waldenburg, Switzerland; Table 1). The sizes of
implants from different implant companies are not standard,
and for the purpose of comparability implants close to each
other in dimensions were selected.

Optical profiler

The 3D roughness was measured by an Optical Profilometer
(FRT MicroProf 100, Fries Research & Technology, Bergisch
Gladbach, Germany). The optical profilometer quantifies the
roughness and scans the surface topography in 3D. The im-
plants were transferred in their storage boxes as delivered to
FRT of America, LLC (San Jose, CA) to measure the surface
roughness. There were nine measurements on each implant
(three for top, three for threaded valley, and three for flank).
Three implants from each company were used to obtain reliable
mean values.25 To calculate the sample number for the rough-
ness measurement, power analysis was performed and showed
that a sample size of three would generate enough power (>0.9)
for the statistical analysis. The roughness is expressed as Sa,
which is the arithmetic average of the 3D roughness. After one-
way ANOVA F-test, to keep nominal type I error rate, Ryan-
Einot-Gabriel-Welsch Multiple Range Test (REGWQ; SAS 9.3,
Cary, NC) was used to compare the roughness among different
systems at different locations. A p-value of <0.05 was consid-
ered statistically significant.
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SEM and EDS

The surface morphology and elemental composition were ana-
lyzed with SEM and EDS, respectively. Three specimens from
each type of implant were analyzed by the same instrumenta-
tion protocol. All dental implants were taken from their original
package directly from the supplier. To avoid scratching the im-
plant surface with instruments, those implants were handled
with a plastic plier and plastic gloves. Each implant was at-
tached on an aluminum stub with sticky conductive carbon
tape. The surface of each implant was examined with a field
emission environmental scanning electron microscope (Philips
XL30; FEI Co. Hillsboro, OR). Pictures were taken in both
secondary and backscattered electrons. For EDS analysis, 7 kV
accelerating voltage was used to improve peak/background ra-
tio for light elements. Three spectra from different locations on
each implant were acquired and were proved to be similar. So
for further analysis, spectra for each implant were summarized.

Raman microspectroscopy

The chemical structure of surface coatings was determined from
the corresponding peaks using a Raman spectrometer (LabRam
HR800, Jobin Yvon Inc., Edison, NJ). An He-Ne laser (632.8
nm) was used through the 100× objective of an optical micro-
scope, and the scattered signal was analyzed by a high resolu-
tion spectrometer coupled to an air-cooled CCD system. The
Raman spectra were acquired in the range of 100 to 1000 cm−1.
At least three spots per specimen were examined.

Primary osteoblastic cell isolation

With the modified protocol,26 primary osteoblastic cells
from mouse alveolar bone were collected as follows. Mouse
mandibular bodies from 9- to 11-day-old mouse pups were dis-
sected to remove teeth, dental follicles, and other soft tissue,
such as muscle, gingiva, and skin. Dissected mandibles were
minced and further digested with digestion solution (0.2% col-
lagenase/0.05% trypsin in alpha-MEM) for 15 minutes on a
shaker plate at 225 rpm at 37◦C. The first digestion, usually full
of fibroblastic cells from the periosteal layers, was discarded.
The next three sequential collagenase/trypsin digestions for 15
minutes at 37◦C were collected and pooled together. The cell
suspension then was filtered through a 70-µm strainer to break
up clumps and cultivated for further use.

Cell culture on implants

All the implants were taken from their original package di-
rectly and handled with plastic pliers and plastic gloves in a
cell culture hood. To calculate the sample number for the cell
attachment, power analysis was performed and showed that a
sample size of four would generate enough power (>0.8) for the
statistical analysis. Implants from each company were placed
in a semi-solid medium containing 0.5% agar.27, 28 The pri-
mary osteoblastic cell suspension (3×105 cell/ml) was applied
to the respective implants.29 Following 48 hours of cell culti-
vation on the implants in 5% CO2, the implants were fixed in
2% glutaraldehyde in 0.1 M cacodylate buffer for 10 minutes.
After fixation, implants with adherent cells were dehydrated
through serial ethanol (30% to 100%). The samples were then

sputter-coated with gold and platinum, and examined with field
emission environmental SEM (Philips XL30).

Quantitative analysis of cell culture

Cell adhesion on the implant surface was examined under SEM.
Because of different morphologies of flanks and valleys in dif-
ferent implant systems, the cell adhesion on flank and valley
were combined, and cell adhesion on the top was examined
separately. The cell adhesion rate (%) was calculated as the
ratio of cell adhesion area to total area. The quantitative anal-
ysis was performed blindly using the Image Analysis System
(AnalySIS, Lakewood, CO). At least three locations in each
implant were randomly selected and measured for statistical
analysis. Using GraphPad InStat version 3.01 (La Jolla, CA),
the cell adhesion rates in different systems were analyzed with
one-way ANOVA. Then, the differences between groups were
compared with Tukey-Kramer Multiple Comparison test. A
p-value of <0.05 was considered statistically significant.

Results

Roughness was examined by an Optical Profilometer (FRT Mi-
croProf 100), as shown in Figure 1. Nine measurements on
each implant (3 for flank, 3 for top, 3 for threaded valley),
three implants from each company, were examined. REGWQ
was used to compare the roughness among different locations
(flank, top, valley) within the same systems (Fig 2) and among
different systems at different locations (Fig 3). For the 3i and
Astra systems, there were no significant differences in rough-
ness among flank, top, and valley (Figs 2A and 2B). Meanwhile,
significant differences in roughness were found in Nobel Bio-
care and Straumann systems. For the Nobel Biocare system,
the order of roughness from high to low was flank > valley >

top (Fig 2C). On the other hand, the order of roughness from
high to low for Straumann was flank > top > valley (Fig 2D).
Further comparisons were made on the same locations among
different systems. REGWQ indicated that 3i had the lowest
measurements of roughness on all three locations; Astra and/or
Straumann had the highest roughness measurements on the dif-
ferent locations (Fig 3). For the flank, the order of roughness
from high to low was Straumann > Astra, Nobel Biocare > 3i
(Fig 3A). For the top, the order from high to low was Astra,
Straumann > Nobel Biocare, 3i (Fig 3B). For the valley, the
order of roughness from high to low was Astra > Straumann
> Nobel Biocare > 3i (Fig 3C).

SEM was used to examine the surfaces among different
implant systems. No dramatic differences were found in
the same system among the flank, top, and valley locations.
Therefore, only images from the valley were displayed and
discussed. SEM revealed distinct surface characteristics among
different systems. Consistent with the results of the roughness
measurement, 3i had the smoothest surface with the least
elevations and depressions among the four systems (Figs
4A and 4a). Astra showed a two-phase “rock in the gravel”
type of microstructure (Figs 4B and 4b). Nobel Biocare
demonstrated a relatively regularly organized elevated “figure
8” microstructure (Figs 4C and 4c). Straumann showed an
irregular honeycomb structure similar to the mark made by
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Figure 1 Roughness measurements from optical profilometer. (A) threaded flank, top, and valley were measured and compared separately; (B)
Examples of scanning images, filter size 34.286 µm. NB: Nobel Biocare.

pulling shoes off a fresh muddy surface (Figs 4D and 4d).
One interesting point identified only in the Nobel Biocare
implant but not in the other three systems was the presence of
multiple cracks in the surface layer (Fig 4e). Similar cracks can
even be observed in the picture from Nobel Biocare official
website http://www.nobelbiocare.com/en/about-nobel-biocare/
research-development/tiunite/ (as of 1/27/2013).

The superimposed EDS spectra for four implants revealed
the presence of titanium in all four systems (Fig 5). Straumann

showed the highest amount, and Nobel Biocare showed the
sharply lowest titanium content (about half of the Straumann
system). The closest to Straumann in the titanium content was
3i. The spectrum for 3i also showed small amounts of calcium
and phosphate, suggesting a thin coating of calcium phosphate.
In addition, the 3i system showed the presence of vanadium
and aluminum, indicating the presence of titanium alloy. Next
to 3i in amount of titanium was Astra, which contained an
elevated amount of oxygen, possibly covered with a thicker

Figure 2 Comparison of roughness (Sa)
among flank (F), top (T), and valley (V) in
different implant systems. Sa is the arith-
metic average of the 3D roughness. (A and
B) Roughness measurement bars of the
same color indicate no statistical difference;
(C and D) the bars with different colors in-
dicate statistical difference. (A) roughness
in 3i implant system, no statistically signif-
icant difference at the three locations; (B)
roughness in Astra system, no significant
difference; (C) roughness in Nobel Biocare
system, significant differences were found,
flank > valley > top; (D) roughness in Strau-
mann system, flank > top > valley. Data
shown as mean + standard deviation.
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Figure 3 Comparison of roughness (Sa) among different implant sys-
tems in (A) flank, (B) top, (C) and valley. Same color roughness measure-
ment bars indicate no statistical difference; the bars with different colors
indicate statistical difference. (A) for the flank area, Straumann has the
roughest, and 3i has the smoothest flank, no difference between Astra
and Nobel Biocare; (B) for the top area, Astra = Straumann > 3i = Nobel
Biocare; (C) for the valley area, Astra > Straumann > Nobel Biocare >

3i. AS: Astra; NB: Nobel Biocare; ST: Straumann. Data shown as mean
+ standard deviation.

titanium oxide layer. A sharply lower amount of titanium than
other implants was observed in Nobel Biocare, whose spectrum
also showed relatively large amounts of phosphate and oxygen
(Fig 5).

In addition, surface coating structural information, such as
relative titanium and oxygen bonds, was determined from the
corresponding peaks using Raman microspectroscopy. Nobel
Biocare implant showed the typical spectrum of the anatase
phase of titanium oxide, whereas the other systems showed
that titanium oxide was in rutile phase (Fig 6).

For the purpose of comparison, one implant from each com-
pany was used to show implant surfaces without cell culture
(Fig 7). Four implants from each company were used for the cell
adhesion study. In comparison with implants after cell culture
or ones without cell culture, dramatic differences of primary
osteoblastic cell adhesion were revealed with SEM examina-
tion (Fig 7). After 48-hour culture, primary osteoblastic cells
attached and proliferated on the surface of different systems;
however, the extent of attachment and proliferation were not the
same among implants systems. In the 3i system, cells mainly

attached and proliferated in the valley of the thread (Fig 7a).
For both Astra and Straumann systems, the cellular behavior
was similar, with primary osteoblastic cells reaching conflu-
ence and covering almost all the threads (Figs 7b and 7d) or
microthreads (Fig 7b). On the other hand, cells did not grow
well on the surfaces of Nobel Biocare implant and only covered
a partial surface of threads (Fig 7c).

To better illustrate the cell adhesion patterns in different
implant systems, enlarged lateral view and frontal view pictures
from different systems are shown in Figures 8 and 9. Although
all four systems are screw-thread type implants with flank, top,
and valley, the morphology of the screw is not the same in
those systems. Generally, two types of screws can be observed
from the lateral view pictures. Nobel Biocare and 3i have flat
valleys and tops with steep flanks (Figs 8A and 8C), whereas
curved valleys and tops with shallow flanks are seen in Astra
and Straumann (Figs 8B and 8D). After 48-hour cell culture,
Astra and Straumann systems display a similar cell adhesion
pattern. Cells grew well to cover most of the flank, top, and
valley (Figs 8b and 8d). For the 3i system, the cells reached
confluence, but only with a thin layer of cells to cover the
valley area, which is not comparable with the multiple layers
of cells in Astra and Straumann. In addition, many fewer cells
were found at the flank and top areas (Fig 8a). For the Nobel
Biocare system, there were even fewer at the valley area, also
not attached to the valley surface; however, the cells grew more
at the top compared with the 3i system (Fig 8c).

Similar cell adhesion patterns as shown in the lateral view
(Fig 8) were confirmed by the frontal view (Fig 9), which is
better suited for quantitative analysis. Due the different screw
patterns shown in Figures 8A to 8D, it would be difficult to
separate the attached cells between the flank and valley areas,
especially for the Astra and Straumann systems. Therefore, the
cell adhesion for flank and valley was combined. By using the
implant without cell culture as reference, the flank and valley
areas were combined and calculated together (Fig 9, white
rectangular boxes). ANOVA showed the significant difference
of cell adhesion rates among the four implant systems (Fig
10). Astra and Straumann systems displayed the highest cell
adhesion rate, followed by 3i. Nobel Biocare showed the lowest
cell adhesion rate.

Higher magnification (500×) frontal view pictures (Fig 11)
had to be used to perform the quantitative analysis for the
top area among Astra, Nobel Biocare, and Straumann systems.
Compared with the other systems, a rather narrow top can be
seen in the 3i system, which may result in the mixed adhesion
data at this area (Figs 8a and 9A). Therefore, cell adhesion rate
on the top of 3i was not measured or compared with the other
systems. Statistical analysis showed no significant difference
on the top between the Astra and Straumann; however, the cell
adhesion rate on the top of Nobel Biocare was significantly
lower than Astra and Straumann (Fig 12).

Discussion

The surface quality of implants determines the tissue reaction
at the implant/tissue interface from the moment an implant
is placed, hence playing a pivotal role in the osseointegra-
tion process. Many methods have been introduced and used
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Figure 4 Lower (11×) and higher magnification (2000×) SEM images of implants from (A and a) 3i, (B and b) Astra, (C and c) Nobel Biocare, and (D
and d) Straumann. (e) Cracks (white arrows) on the surface layer of Nobel Biocare implants.

Figure 5 EDS analysis of four implant systems.

to improve the surface properties of dental implants to op-
timize the osseointegration and overall success rate, such as
blasting, anodic oxidation, and coating.9-12 As defined by Al-
brektsson and Wennerberg, there are three properties regarding
the implant surface quality: mechanical properties, topographic
properties, and physicochemical properties.30 These surface
modifications not only change the topographic properties, but
also the physicochemical properties of the implant surface.13-17

In this study, four widely used dental implant systems were
examined with Optical Profilometer, SEM, EDS, and Raman
microspectroscopy. Together, the four implant systems studied
cover ∼85% of the world market (Nobel Biocare 30%; Strau-
mann 25%; 3i 15% to 20%; Astra 12%).19 Each one of the four
implant systems has shown positive clinical results.20-24 How-
ever, there is limited information regarding the direct compari-
son among these implant systems.

Surface topography, especially roughness, affects the
implant-bone response, and there is a positive relationship be-
tween bone-to-implant contact and surface roughness.31,32 Re-

cently 3D evaluation of roughness (Sa) was introduced and
considered as a more important and reliable method than the
2D roughness measurement, Ra.19 In addition, to avoid confu-
sion, the surface evaluation of screw-type implants should be
based on the flank, top, and valley locations.19 In this study,
the 3D surface roughness in flanks, tops, and valleys were
measured and compared separately. For the first time, signif-
icant differences of the surface roughness among flank, top,
and valley in Nobel Biocare and Straumann implants were
shown. When roughness was compared among different im-
plant systems at the same location, statistically significant dif-
ferences were also found. Biomet 3i has the smoothest sur-
face at all three locations (flank, top, valley). Generally, Astra
and Straumann have the roughest surfaces, and Nobel Biocare
followed. It was suggested that a roughness value between 1
and 1.5 µm provides optimal surface for bone integration.25

The roughness in Astra and Straumann on all three loca-
tions falls closer to this range than 3i and Nobel Biocare,
which may explain our cell adhesion data, and may further
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Figure 6 Raman microspectroscopy analysis showed spectra of rutile or anatase phase of titanium oxide in the four implant systems. Rutile phase
of titanium oxide was found in 3i, Astra, and Straumann systems, whereas the anatase phase, with the characteristic scatterings at 154 cm−1, was
present only in Nobel Biocare.

Figure 7 Low magnification (11×) comparison of different systems, (A
and a) 3i, (B and b) Astra, (C and c) Nobel Biocare, (D and d) and Strau-
mann in the without cell (A, B, C, and D) or after cell culture (a, b, c, d).
After 48 hours of culture, primary osteoblastic cells reached confluence
in all four systems. (a) cells grew mainly at the valley area in 3i system (a:

arrows); (b) cells covered microthreads, threads, and the notch in Astra
(b: arrowheads); (c) cells grew less and only covered part of the thread
in Nobel Biocare (c, stars); (d) similar to Astra, cells covered almost all
the threads in Straumann system (d, arrowheads). Bar = 1 mm

differentiate the performance of the implants when it comes to
osseointegration.

The distinct surface characteristics among these implant sys-
tems have been reported by others. One interesting observa-
tion of Nobel Biocare was the existence of multiple cracks.
The existence of cracks in Nobel Biocare implants was re-
ported in several recent SEM studies,33-35 but not in others.36,37

In our study, those thin and long cracks can be seen in all
three flank, top, and valley locations, and can also be ob-
served at all different SEM examining modes. Therefore, we

suspect that the cracks are generated by the manufacturing
process, rather than by an artifact from our examination. An-
other interesting point not reported before in Nobel Biocare
implants is the sharp decrease of titanium, based on the EDS
analysis. Currently there is no report regarding the effects of
those cracks or low titanium level on the biocompatibility or
osseointegration.

Raman microspectroscopy revealed both the typical rutile
phase and anatase phase of titanium oxide in these implant
systems.38-40 The rutile phase of titanium oxide dominated
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Figure 8 Lateral view higher magnification (100×) pictures to show the
flank, top, and valley in different systems. (A and a) 3i, (B and b) Astra,
(C and c) Nobel Biocare, and (D and d) Straumann in the conditions of
without cell (A, B, C, and D) or after cell culture (a, b, c, d). Flat valley and
top with steep flank in 3i and Nobel Biocare (A and C), whereas curved
valley and top with shallow flank in Astra and Straumann (B and D). Cells

reached confluence in part of the valley in 3i (a, #), almost no cells on the
very thin top (a, arrowhead); multiple layers of confluent cells covered
most of the valley and flank in Astra and Straumann (b and d, ##), with
cell-covered top (b and d, arrows). Cells did not grow well on the Nobel
Biocare, and did not attach to the valley (c, star); however, the flat top
was covered with many cells (c, arrows). Bar = 200 µm

Figure 9 Higher magnification (100×) frontal view pictures from differ-
ent systems after cell culture: (A) 3i, (B) Astra, (C) Nobel Biocare, (D) and
Straumann. Cells reached confluence at the valley area in 3i (A, #), with
mixed cell adhesion pattern on the thin top (A, arrowheads); multiple
layers of confluent cells covered most of the valley and flank in Astra

and Straumann (B and D, ##), with cell-covered top (B and D, arrows).
Cells did not attach to the valley in Nobel Biocare (c, star); however, the
flat top was covered with many cells (c, arrows). Bar = 200 µm. Using
the implants without cell culture as reference, the flank and valley areas
were marked by white rectangular boxes.
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Figure 10 ANOVA showed significantly different cell adhesion rates: the
ratio of cell surface/total surface (Y-axis) among different systems (AS:
Astra; NB: Nobel Biocare; ST: Straumann). Cell adhesion rates shown in
the same color indicate no statistical difference; the bars with different
colors indicate statistical difference (p < 0.05). For the cell adhesion
rates at the area of flank and valley, Astra = Straumann > 3i > Nobel
Biocare; data shown as mean + standard deviation.

in the 3i, Astra, and Straumann systems, whereas the anatase
phase, the natural form of titanium oxide,41 is found in Nobel
Biocare. Interestingly, the rutile phase has been shown either to
enhance osteoblast response41, 42 or to be less prone to initiate
an inflammatory response.43 In addition, it has been suggested
that the dissolution of titanium metal ions from rutile is one
order of magnitude lower than that from anatase.44 Therefore,
the rutile phase in 3i, Astra, and Straumann may be more bio-
compatible than the anatase phase in Nobel Biocare.

The interaction of implant surface and bone cells is crit-
ical for the clinical success of implants. The topographic
modification of implant surface through specific treatments,

Figure 12 ANOVA showed significantly different cell adhesion rates
(Y-axis) on the top among different systems (AS: Astra; NB: Nobel Bio-
care; ST: Straumann). Cell adhesion rates shown in the same color in-
dicate no statistical difference; the bars with different colors indicate
statistical difference (p < 0.05). For the cell adhesion rates at the top
area, Astra = Straumann > Nobel Biocare, data shown as mean + stan-
dard deviation.

such as sand-blasting, acid-etching, and titanium plasma-
spraying, has been shown to affect the biological response of
bone cells in vitro.30,45-47 However, most of those in vitro cell
culture experiments were performed on specially made tita-
nium disks, instead of on the dental implants used in clinical
practices. Although the titanium disks tried to mimic the dental
implant surfaces, the topographic characterization of a flat disk
is not the same as that of the implant surface. The titanium disks
have the flat surface, whereas the real screw-type implants have
different locations, such as flank, top, and valley, and our study

Figure 11 Higher magnification (500x) frontal view pictures from the top area in (A) Astra, (B) Nobel Biocare, and (C) Straumann. 3i was not quantified
because of much lower and mixed cell adhesion on the thin top. Cells reached confluence at the top area of all three systems. Bar = 50 µm. Using
the implants without cell culture as reference, the top areas were marked by white rectangular boxes.
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has shown that roughness measurements may vary based on
different locations.

Currently no cell adhesion study compares implants from
different companies. One study to compare the cell adhesion
on the actual implant surface examined implants from only
one company, which was not internationally recognized.18 To
the best of our knowledge, our study is the first cell adhesion
study to directly compare commonly used implants from dif-
ferent companies. In addition, we used primary osteoblastic
cells harvested from alveolar bone, which may present a simi-
lar phenotype as the osteogenic cells right after in vivo implant
placement. Cell lines, especially those from a tumor, should not
be used to study the surface topography.7

Interestingly, our study found different cell adhesion rates not
only among different implant systems, but also at different areas
(flank, top, and valley) in the same system. Generally, primary
osteoblastic cells grew and proliferated well on both Astra and
Straumann systems, which exhibited similar morphology at
flank, top, and valley areas. After Astra and Straumann, cells
reached confluence in the 3i system, but only to form a rather
thin layer of cell and to cover the valley area. The cell adhesion
in the flank and top was much less in the 3i system. For the
Nobel Biocare system, primary osteoblastic cells did not attach
as well as other systems, especially at the valley area, and
quantitative analysis showed the least adhesion rate at the flank
and valley areas.

The cell adhesion data were supported and correlated with
the data from the comparison on the surface characteristics
among those implant systems. Astra and Straumann have the
roughest surfaces and also displayed the highest cell adhesion
rate on all three locations (flank, top, valley). Although Nobel
Biocare has a rougher surface than 3i, the multiple cracks on the
surface and anatase phase of titanium dioxide44 may explain the
negative cell adhesion results for the Nobel Biocare system. One
interesting point for the Nobel Biocare system is the improved
cell adhesion at the top area, when compared with flank and
valley. Our data currently cannot render an explanation for this,
which needs further investigation.

Although osteoblastic cells play a more direct role in the pro-
cess of osseointegration, which is reflected by more published
studies using osteoblastic cell lines or primary cells,45,47,48 the
in vivo implant-bone interaction may be affected by other fac-
tors, such as blood cell reaction and platelet activation, because
early blood cell reaction and platelet activation may eventually
affect the migration and differentiation of osteogenic cells in the
healing process.8,49,50 In addition, it is not clear whether those
differences from the cell adhesion experiment will have any im-
pact on the osseointegration between implant and bone in vivo,
because all four implant systems have shown positive clinical
results.20-24 Indeed, to answer the question if those different
surface characteristics will have any impact or correlation on
the osseointegration between implant and bone, further in vivo
animal study or human studies will be necessary.

Conclusion

Our preliminary data indicated that the four implant systems
displayed distinct surface characteristics. Astra and Straumann
systems showed the roughest surface, whereas 3i showed the

smoothest surface. Multiple cracks were found on the surface
of the Nobel Biocare system. In addition, the rutile phase of
titanium oxide was found in 3i, Astra, and Straumann. The
anatase phase of titanium oxide was detected in Nobel Biocare.
Correspondingly, Astra and Straumann displayed the highest
primary cell adhesion at the flank, top, and valley areas. Primary
cells also reached confluence on the valley, but significantly
less than in the 3i system. Nobel Biocare showed the least
cell adhesion on the flank and valley. Further in vivo study is
needed to study the impact of the surface characteristics and
different cell adhesion on the osseointegration between implant
and bone.

References

1. Branemark R, Branemark PI, Rydevik B, et al: Osseointegration
in skeletal reconstruction and rehabilitation: a review. J Rehabil
Res Dev 2001;38:175-181

2. Jokstad A, Braegger U, Brunski JB, et al: Quality of dental
implants. Int Dent J 2003;53:409-443

3. Albrektsson T, Wennerberg A: Oral implant surfaces: Part
2—review focusing on clinical knowledge of different surfaces.
Int J Prosthodont 2004;17:544-564

4. Eckert SE, Choi YG, Sanchez AR, et al: Comparison of dental
implant systems: quality of clinical evidence and prediction of
5-year survival. Int J Oral Maxillofac Implants 2005;20:406-415

5. Esposito M, Grusovin MG, Coulthard P, et al: A 5-year
follow-up comparative analysis of the efficacy of various
osseointegrated dental implant systems: a systematic review of
randomized controlled clinical trials. Int J Oral Maxillofac
Implants 2005;20:557-568

6. Bhatavadekar N: Assessing the evidence supporting the claims of
select dental implant surfaces: a systematic review. Int Dent J
2008;58:363-370

7. Anselme K, Ponche A, Bigerelle M: Relative influence of surface
topography and surface chemistry on cell response to bone
implant materials. Part 2: biological aspects. Proc Inst Mech Eng
H 2010;224:1487-1507

8. Davies JE: Understanding peri-implant endosseous healing. J
Dent Educ 2003;67:932-949

9. Cochran DL: A comparison of endosseous dental implant
surfaces. J Periodontol 1999;70:1523-1539

10. Yeo IS, Han JS, Yang JH: Biomechanical and histomorphometric
study of dental implants with different surface characteristics. J
Biomed Mater Res B Appl Biomater 2008;87:303-311

11. Le Guehennec L, Soueidan A, Layrolle P, et al: Surface
treatments of titanium dental implants for rapid osseointegration.
Dent Mater 2007;23:844-854

12. Schliephake H, Aref A, Scharnweber D, et al: Effect of
modifications of dual acid-etched implant surfaces on
peri-implant bone formation. Part I: organic coatings. Clin Oral
Implants Res 2009;20:31-37

13. Stanford CM: Surface modifications of dental implants. Aust
Dent J 2008;53(Suppl 1):S26-S33

14. Albrektsson T: Hard tissue implant interface. Aust Dent J
2008;53(Suppl 1):S34-S38

15. Duyck J, Slaets E, Sasaguri K, et al: Effect of intermittent
loading and surface roughness on peri-implant bone formation in
a bone chamber model. J Clin Periodontol 2007;34:998-1006

16. Ferguson SJ, Langhoff JD, Voelter K, et al: Biomechanical
comparison of different surface modifications for dental
implants. Int J Oral Maxillofac Implants 2008;23:1037-1046

650 Journal of Prosthodontics 22 (2013) 641–551 C© 2013 by the American College of Prosthodontists



Liu et al Comparison of Four Dental Implants

17. Coelho PG, Granjeiro JM, Romanos GE, et al: Basic research
methods and current trends of dental implant surfaces. J Biomed
Mater Res B Appl Biomater 2009;88:579-596

18. Alves SF, Wassall T: In vitro evaluation of osteoblastic cell
adhesion on machined osseointegrated implants. Braz Oral Res
2009;23:131-136

19. Wennerberg A, Albrektsson T: On implant surfaces: a review of
current knowledge and opinions. Int J Oral Maxillofac Implants
2010;25:63-74

20. Bergkvist G, Koh KJ, Sahlholm S, et al: Bone density at implant
sites and its relationship to assessment of bone quality and
treatment outcome. Int J Oral Maxillofac Implants
2010;25:321-328

21. Ostman PO, Wennerberg A, Albrektsson T: Immediate occlusal
loading of NanoTite PREVAIL implants: a prospective 1-year
clinical and radiographic study. Clin Implant Dent Relat Res
2010;12:39-47

22. Glauser R, Ruhstaller P, Windisch S, et al: Immediate occlusal
loading of Branemark System TiUnite implants placed
predominantly in soft bone: 4-year results of a prospective
clinical study. Clin Implant Dent Relat Res 2005;7(Suppl
1):S52-S59

23. Palmer RM, Howe LC, Palmer PJ, et al: A prospective clinical
trial of single Astra Tech 4.0 or 5.0 diameter implants used to
support two-unit cantilever bridges: results after 3 years. Clin
Oral Implants Res 2012;23:35-40

24. Barbier L, Abeloos J, De Clercq C, et al: Peri-implant bone
changes following tooth extraction, immediate placement and
loading of implants in the edentulous maxilla. Clin Oral Investig
2012;16:1061-1070

25. Wennerberg A, Albrektsson T: Suggested guidelines for the
topographic evaluation of implant surfaces. Int J Oral Maxillofac
Implants 2000;15:331-344

26. Suda N, Kitahara Y, Hammond VE, et al: Development of a
novel mouse osteoclast culture system including cells of
mandibular body and erupting teeth. Bone 2003;33:38-45

27. Fanchon S, Bourd K, Septier D, et al: Involvement of matrix
metalloproteinases in the onset of dentin mineralization. Eur J
Oral Sci 2004;112:171-176

28. Torres-Quintana MA, Lecolle S, Septier D, et al: Inositol
hexasulphate, a casein kinase inhibitor, alters enamel formation
in cultured embryonic mouse tooth germs. J Dent Res
2000;79:1794-1801

29. Klein MO, Bijelic A, Toyoshima T, et al: Long-term response of
osteogenic cells on micron and submicron-scale-structured
hydrophilic titanium surfaces: sequence of cell proliferation and
cell differentiation. Clin Oral Implants Res 2010;21:642-649

30. Albrektsson T, Wennerberg A: Oral implant surfaces: Part
1—review focusing on topographic and chemical properties of
different surfaces and in vivo responses to them. Int J
Prosthodont 2004;17:536-543

31. Shalabi MM, Gortemaker A, Van’t Hof MA, et al: Implant
surface roughness and bone healing: a systematic review. J Dent
Res 2006;85:496-500

32. Vandamme K, Naert I, Vander Sloten J, et al: Effect of implant
surface roughness and loading on peri-implant bone formation. J
Periodontol 2008;79:150-157

33. Dohan Ehrenfest DM, Coelho PG, Kang BS, et al: Classification
of osseointegrated implant surfaces: materials, chemistry and
topography. Trends Biotechnol 2010;28:198-206

34. Kang BS, Sul YT, Oh SJ, et al: XPS, AES and SEM analysis of
recent dental implants. Acta Biomater 2009;5:2222-2229

35. Dohan Ehrenfest DM, Vazquez L, Park YJ, et al: Identification
card and codification of the chemical and morphological
characteristics of 14 dental implant surfaces. J Oral Implantol
2011;37:525-542

36. Sul YT, Byon E, Wennerberg A: Surface characteristics of
electrochemically oxidized implants and acid-etched implants:
surface chemistry, morphology, pore configurations, oxide
thickness, crystal structure, and roughness. Int J Oral Maxillofac
Implants 2008;23:631-640

37. Jarmar T, Palmquist A, Branemark R, et al: Characterization of
the surface properties of commercially available dental implants
using scanning electron microscopy, focused ion beam, and
high-resolution transmission electron microscopy. Clin Implant
Dent Relat Res 2008;10:11-22

38. Li J-G, Ishigaki T, Sun X: Anatase, brookite, and rutile
nanocrystals via redox reactions under mild hydrothermal
conditions: phase-selective synthesis and physicochemical
properties. J Phys Chem C 2007;111:4969-4976

39. Busquim TdP, Elias CN, May JE, et al: Titanium oxide layer on
the surface of anodized dental implants. In Gilbert J (ed):
Medical Device Materials V; Proceedings from the Materials &
Processes for Medical Devices Conference 2009. Novelty, OH,
ASM International 2010, pp. 60-65

40. Felske A, Plieth WJ: Raman spectroscopy of titanium dioxide
layers. Electrochimica Acta 1989;34:75-77

41. Feng B, Weng J, Yang BC, et al: Characterization of surface
oxide films on titanium and adhesion of osteoblast. Biomaterials
2003;24:4663-4670

42. Saldana L, Barranco V, Garcia-Alonso MC, et al:
Concentration-dependent effects of titanium and aluminium
ions released from thermally oxidized Ti6Al4V alloy on
human osteoblasts. J Biomed Mater Res A 2006;77:220-
229

43. Valles G, Gonzalez-Melendi P, Gonzalez-Carrasco JL, et al:
Differential inflammatory macrophage response to rutile and
titanium particles. Biomaterials 2006;27:5199-5211

44. Huang N, Chen YR, Luo JM, et al: In vitro investigation of blood
compatibility of Ti with oxide layers of rutile structure. J
Biomater Appl 1994;8:404-412

45. Goto T, Yoshinari M, Kobayashi S, et al: The initial attachment
and subsequent behavior of osteoblastic cells and oral epithelial
cells on titanium. Biomed Mater Eng 2004;14:537-544

46. Wennerberg A, Albrektsson T: Effects of titanium surface
topography on bone integration: a systematic review. Clin Oral
Implants Res 2009;20(Suppl 4):172-184

47. Guida L, Annunziata M, Rocci A, et al: Biological response of
human bone marrow mesenchymal stem cells to
fluoride-modified titanium surfaces. Clin Oral Implants Res
2010;21:1234-1241

48. Yamashita D, Machigashira M, Miyamoto M, et al: Effect of
surface roughness on initial responses of osteoblast-like cells on
two types of zirconia. Dent Mater J 2009;28:461-470

49. Park JY, Davies JE: Red blood cell and platelet interactions with
titanium implant surfaces. Clin Oral Implants Res
2000;11:530-539

50. Park JY, Gemmell CH, Davies JE: Platelet interactions with
titanium: modulation of platelet activity by surface topography.
Biomaterials 2001;22:2671-2682

Journal of Prosthodontics 22 (2013) 641–551 C© 2013 by the American College of Prosthodontists 651


