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Purpose: The goal of this study was to compare the in vitro bioactivity in simulated body fluid (SBF) of
commercially available dental implants. Materials and Methods: Bioactivity, according to ISO 23317,
of commercially available dental implants with various surface modifications (BIO-surface, SLA, SLActive,
TiUnite, and OsseoSpeed) was tested in SBF for 1 and 3 weeks. Surface characterizations, especially
calcium and phosphorus surface content before and after the immersion in SBF, were performed. The effect
of surface treatment on bioactivity was studied. Results: Differences between surfaces before immersion
in SBF were confirmed by Raman spectroscopy, x-ray photoelectron spectroscopy (XPS), energy-dispersive
x-ray spectroscopy (EDX), and scanning electron microscope (SEM) analysis. Calcium and phosphorus
surface content was increasing within the tested period in the case of two (BIO-surface and SLActive)
of the five tested dental implants. Calcium-phosphate precipitation was observed by SEM, XPS, EDX, and
x-ray micro-diffraction (u-XRD) analysis. Conclusion: Two (BIO-surface from LASAK and SLActive from
Straumann) of the five tested dental implants were found to be bioactive, according to ISO 23317. Although it
is difficult to unambiguously determine the properties that have influence on the hydroxyapatite precipitation
rate, multiple properties that the two surfaces have in common were found. INT J ORAL MAXILLOFAC IMPLANTS
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he first materials with the ability to form a direct
bond with living tissues were glasses discovered in
1969 by Hench.! These bioactive glasses based on the
Na,0-Ca0-Si0, system were found to be able to in-
duce calcium phosphate, namely, apatite, precipitation
on their surface in the body environment. This apatite
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precipitation on the implanted material was described
as being the key step in bone-material bond creation.?

Titanium has better mechanical properties than
bioactive glasses and can be used for loaded implants.
Branemark et al were the first to describe direct con-
tact of machined titanium with bone without an inter-
mediate fibrous tissue layer.? The difference between
bioactive glasses and the bond formation of machined
titanium with bone is in the reaction rate; it takes days in
the case of bioglass, while the machined titanium needs
months to create a firm connection to the hard tissue.*
In order to improve its osseointegration kinetics, the ti-
tanium surface must be modified—and it is a material
that can be easily surface-modified in several ways—by
blasting, electrochemical oxidation, acid etching, alkali
etching, or by a combination of these methods.>®

The simulated body fluid (SBF) test is a suitable,
quick, inexpensive procedure for testing the bioactiv-
ity of implant materials. The SBF test was introduced
by Kokubo and Takadama.” This procedure is able to
reproduce in vivo bonelike apatite formation on bioac-
tive materials as it simulates the aforementioned key
step: the heterogeneous nucleation of apatite. The test
can be reliably used to study the fastest implant-body
interaction: the interaction with inorganic ions within
the human body environment.
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The SBF solution is an artificial model of the inorgan-
ic part of human plasma; it is a supersaturated solution
with respect to calcium phosphates, ie, hydroxyapa-
tite (HA), octacalcium phosphate (OCP), and dicalcium
phosphate (DCPD). HA is the most thermodynamically
stable in SBF, while DCPD can precipitate only when
the concentration of Ca and P ions increases (eg, when
it is released from substrate).8

Bohner and Lemaitre® reviewed possible mistakes in
SBF preparation and suggested improvements in the
testing, eg, using a reference material, filtration of the
solution, and using the same material/liquid ratio for
the tested samples. They pointed out that changes in
the experimental setting (eg, volume/sample size ratio,
dynamic vs static setting) could provoke a change in
the outcome of the test. The quite-complicated prepa-
ration of the solution was criticized, and mixing in a 5%
CO, atmosphere was recommended, as the carbonate
content can be an issue.

The conventional SBF differs slightly from human
plasma.’%" There is lower content of carbonate ions,
as the calcium carbonate tends to precipitate from the
solution.’'3 Solutions with a higher amount of car-
bonates were tested, and this negatively influenced
the SBF stability in terms of pH, ion concentrations, and
cluster formation.’'3 It is also necessary to buffer the
in vitro solution; tris(hydroxymethyl)aminomethane
and hydrochloric acid are recommended. It was also
shown that a higher amount of chloride ions does not
influence the SBF results.>'3 Anyway, it is always im-
portant to compare data using one SBF composition,
preferably the one prepared according to the ISO stan-
dard 23317.

The SBF test describes as bioactive any material
that accelerates heterogeneous crystallization in this
solution and does not take into account the complex-
ity of the living body environment, the organic part
of human body fluids, protein presence, or possible
material cytotoxicity. Exceptions following from this
simplification can occur: resorbable materials such as
[-tricalcium phosphate or natural calcite showed false
negative results in SBF,”° while abalone shell showed
a false positive test; this was attributed to the protein
reactions.” This experience must be considered when
testing new materials, and special attention should be
given to resorbable materials or materials containing
biologic components. Even the SBF test cannot de-
scribe the macrophage action, osteoblast stem cell at-
tachments, or osteoblast proliferation.’’ The bioactivity
in SBF does not guarantee successful implantation. The
success of a dental implant is influenced by many fac-
tors,'* including the patient condition, the doctor’s ex-
perience, and the set of implant system qualities.

The SBF test, with its long history in bioactive materi-
als research, is a useful test describing the primary and
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fastest actions during implant contact with plasma, ie,
ion interaction. This interaction is crucial and can in-
fluence follow-up processes.'' The Ca-P layer created
in the SBF solution was, afterward, clinically identified
on many bioactive materials, and even if a crystalline
Ca-P layer may not be formed in vivo to such an extent
as in vitro (for example, due to protein adsorption),
the quick adsorption of calcium and phosphate ions
on the surface of bioactive materials may play an im-
portant role in altering subsequent steps in the tissue—
biomaterial interaction cascade.

The thin apatite layer formation was confirmed to
be the first step in the bone-bioactive material bond
formation in vivo.'>'® Osteoblasts proliferate on this
apatite, as it is very similar to the mineral phase in a
bone. Subsequently, osteoblasts form a new bone, and
a chemical bond between the mineral phase and the
thin apatite layer is created to decrease the interfacial
energy between them.!”

Several studies confirmed this correlation between
Ca-P layer formation in the in vitro SBF test and in vivo
reality.”'>'® Even a valid ISO standard (ISO 23317) com-
prising the SBF test was published. The in vivo bioac-
tivity was precisely reproduced by the apatite-forming
ability in the SBF in the case of sintered HA, P,O;-Na,O-
Ca0-SiO, glasses,” P,0.-free Na,0-CaO-SiO, glass-
es,’” or glass-ceramics.'® Titanium and surface-treated
titanium are also not an exception for SBF testing. The
good correlation of in vivo and in vitro testing has al-
ready been shown in the case of titanium and modified
titanium.'®2" A significant difference in bone-to-im-
plant contact (BIC) was observed for the alkali-treated
titanium implant and machined titanium*2! during the
early stages of healing (2 to 5 weeks). The chemically
treated titanium showed more rapid BIC formation.
This corresponds to in vitro tests in SBF.2224

Based on the aforementioned information, it is
suggested that the SBF test is a reliable method for
titanium dental implant bioactivity comparison. The
material does not belong to the known SBF test excep-
tions. This study does not deal with a new material in
this case, but tests one single property of already suc-
cessfully applied commercial products.

None of the chosen products contain proteins, toxic
compounds, or resorbable calcium phosphate on their
surface, and no other fact known to devalue the SBF
test results was found, so the SBF test was accepted to
be a relevant method for predicting the in vivo bone-
bonding ability of the titanium dental implants.

Complicated titanium dental implant surfaces have
been developed in recent years to provide a product
with excellent clinical performance. A surface with
bone-bonding ability is necessary. Thus, various origi-
nal surface modifications have been introduced to
the market, and their extraordinary osseointegration
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has been presented. Several studies dealing with de-
tailed implant surface descriptions have been pub-
lished.>”?>-2° Many factors such as oxide thickness,
micropore configurations, chemical composition, and
crystal structures influence the implant-bone behavior,
and they can work synergistically.3’ A minor difference
in the production technology, such as the method of
packing, could affect the product property.3' That is
why not only individual treatments, but real systems
should be studied.

The aim of this study was to evaluate the calcium
phosphate nucleation ability of five commercially
available dental implants. The representatives of the
currently used surfaces—blasted and acid-etched
surface (SLA [Institut Straumann]); blasted and
acid-etched surface, stored in NaCl solution (SLActive
[Institut Straumann]); electrochemically oxidized
(TiUnite [Nobel Biocare]); grit-blasted with chemi-
cal (fluoride) modification (OsseoSpeed [Astra Tech]);
and the surface prepared by the combination of
blasting, acid etching, and alkali etching (BIO-surface
[LASAK])—were chosen.

MATERIALS AND METHODS

The simulated body fluid (SBF) test was performed
with an ion concentration corresponding to ISO 23317.
The solution was filtered. Calcium and phosphorus
concentrations were checked in a certified laboratory.
The solution was successfully tested with negative (ti-
tanium, machined) and positive (standard glass B ac-
cording to ISO 23317) references for 1 week.

Implants with similar dimensions were immersed in
SBF (37°C +0.2°C) for 1 and 3 weeks; 100 mL of SBF was
used for each implant. The test was performed in plas-
tic containers. One piece of implant for each treatment
group and time was used.

BIO-surface Straight 3.7 X 14 mm, SLA 4.1 X14 mm,
SLActive 4.1 X 14 mm, TiUnite 3.75 X 13 mm, and
OsseoSpeed 4 X 13 mm implants in original packag-
ing were purchased. The SBF tests were done without
any further modifications; the implants were used
immediately after unpacking, and no rinsing was ap-
plied (the SLActive implant was wet at the beginning
of the test). Abbreviations used in the article are sum-
marized in Table 1.

The implant surfaces were characterized by the fol-
lowing methods.

The roughness of the surfaces before the immer-
sion in SBF was evaluated with an optical profilom-
eter, Alicona Infinite Focus. The measurements were
performed at three different surface regions for each
sample: flank, valley, and top. The Sa parameter (the
arithmetic mean of the departures of the roughness

Table 1 Abbreviations for Tested Implants

Before After  After
immersion 1 wk 3 wk
in SBF in SBF in SBF
BlO-surface (LASAK) L-Ow L-1w L-3w
SLA (Institut Straumann) S-Ow S-1w S-3w
SLActive (Institut Straumann) SA-Ow SA-1lw  SA-3w
TiUnite (Nobel Biocare) N-Ow N-1w N-3w
OsseoSpeed (Astra Tech) A-Ow A-lw A-3w

area from the mean plane) was evaluated using a
Gaussian 50 X 50-um filter. The SA-Ow sample was
dried before the measurement.

Raman spectra were measured using a Raman mi-
croscope, Renishaw inVia. Measurements were per-
formed in backscattering mode with a HeNe laser
(633 nm) and objective 50 X. Raman spectroscopy was
used only for the original surface characterization.

The x-ray photoelectron spectroscopy (XPS) photo-
electron spectra for quantitative surface analysis were
recorded by an angle-resolved photoelectron spec-
trometer, ADES 400 (VG Scientific), operating at a base
pressure of 1 X 107'°Torr. The system is equipped with
an x-ray excitation source and a rotatable hemispheri-
cal electron energy analyzer. Photoelectron spectra
were recorded using Mg Ka radiation (1,253.6 eV), an
angle of incidence of 70 degrees, an angle of emis-
sion of 0 degrees with respect to the surface normal,
and pass energy of 100 eV. Atomic concentrations of
elements found at the near-surface regions of samples
were determined from photoelectron peak areas after
Shirley’s inelastic background subtraction, corrected
for photoionization cross sections,3? inelastic mean
free paths of photoelectrons,®® and the transmission
function of the spectrometer used.3* Samples (before
and after immersion in SBF) were inserted in the ultra-
high vacuum chamber of the spectrometer without
any surface cleaning, directly after unpacking. Only the
SA-Ow sample was rinsed with distilled water in order
to remove salt from the storage solution. No surface
cleaning was performed in the spectrometer.

Other XPS spectra were used for a structure analysis
of the Ow samples. These spectra were recorded with
the AXIS-Supra photoelectron spectrometer (Kratos
Analytical), using monochromatized Al Ka radiation
(1,486.6 eV, 300 W, analyzed area 0.7 X 0.3 mm?).
Before introduction into the spectrometer chamber,
the samples did not undergo any surface cleaning
treatment. The Kratos magnetic confinement charge
compensation system was used during the analysis.
The shift in energy due to the surface charging effect,
even after it had been compensated, was calibrated to
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a binding energy of C 1s (285.0 eV). The high-energy
resolved spectra of Ti 2p, P 2p, Na 1s, O 1s, and C 1s
were collected in constant analyzer energy mode with
pass energy of 10 eV and a step of 0.05 eV, resulting
in an overall energy resolution of 0.45 eV, measured
on the Ag 3d;,, line width (FWHM). Selected spectra
were analyzed by peak fit using Gaussian-Lorentzian
sum functions.

Implants before and after the SBF test were placed
in a scanning electron microscope (SEM) Vega Il LSU
(Tescan), and the images of their surfaces were taken
with magnifications of 1,000X and 10,000X. A 10-kV
accelerating voltage was used for observing the origi-
nal surface morphology and changes after immersion
in the SBF, including the growth of calcium phosphate
crystals. Energy-dispersive x-ray spectroscopy (EDX),
with original software Quantax (Bruker), was employed
to identify the elements present on the implant sur-
faces. The spectra were taken for 100 seconds under
the following conditions: 10 kV, working distance be-
tween the detector and the beam focal point (WD &
Z) of 15.5 mm, magnification 500X. One region was
analyzed per Ow and 1w implants, and three regions
were analyzed per 3w implants. The means and stan-
dard deviations were calculated for the 3w samples.
Similar standard deviations would be expected for the
Ow and Tw samples.

The crystals grown on the surface of the 3w samples
were identified by means of x-ray micro-diffraction
(u-XRD). The micro-diffraction experiments were per-
formed as described elsewhere3*36 using a PANalyti-
cal X'PertPRO diffractometer. A CoKa tube with point
focus, an x-ray mono-capillary with a diameter of 0.1
mm in the primary beam path, and a multichannel
detector X'Celerator with an anti-scatter shield in the
diffracted beam path were used. A sample holder was
adapted by adding vertical axis adjustment (a Huber
1005 goniometric head). It was assumed that the sur-
face layer produced was very thin, so it was decided
to fix the angle of the incident beam to 1.5 degrees to
suppress the penetration depth and to enhance the
signal of the layer.

The x-ray patterns were measured in the range of
3 to 70 degrees 20 with a step of 0.0334 degrees and
2,500 seconds counting per step. A 2.5-mm anti-scatter
slit and Fe beta filter were used in the diffracted beam.
The duration of the scan was approximately 11.5
hours. The y-XRD patterns were not pretreated be-
fore interpretation, as no background correction was
needed. Qualitative analysis was performed with the
HighScorePlus software package (PANalytical, version
4.6.1) and JCPDS PDF-4 database.?”

No analysis was done on the SLActive packaging so-
lution in the present study. However, previous studies?®
claim that 0.9% NaCl is used as the storage solution.
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RESULTS

Surface Roughness

The evaluation of the surface roughness is depicted
in Fig 1. The surface roughness did not vary dramati-
cally between flank, valley, and top on any sample (the
maximum relative standard deviation between flank,
valley, and top was 12%). The sample L-Ow showed the
highest values of Sa parameter, followed by the sam-
ples SA-Ow and S-Ow.

Raman Analysis
Differences between surfaces were found with the
Raman spectroscopy and can be seen in Fig 2.

The N-Ow sample shows anatase Raman bands. Typ-
ical Raman bands for rutile were found in the A-Ow.38
A very weak spectrum was obtained by measuring
the S-Ow and SA-Ow samples, which can be caused by
the amorphous character of the titanium oxide. After
multiplying the data, rutile bands can be observed in
some cases. Individual bands of the spectrum L-Ow are
described in Fig 3.384% These bands correspond to so-
dium titanate,*' synthesized and described by Kokubo
et al repetitively?*#? as Na,H,_,Ti;0,; 0 < x < 2.

XPS Analysis

The results of the elemental XPS analysis of the im-
plants before and after immersion in SBF can be seen
in Table 2. Carbon contamination was detected on all
surfaces. Its initial value recorded from the as-received
sample surfaces ranged from 20 to 36 at.% and rose af-
ter immersion in the SBF. Only TiUnite revealed a drop
in carbon content following the immersion, likely due
to the highest starting value of the carbon content and
a deposited overlayer that covered the N-3w surface.
The oxygen concentration behaved similarly to the
carbon. As expected, titanium concentration dropped
after the immersion for all samples, most strongly for
the BIO-surface, indicating possible growth of HA. Ca
and P concentration originating from the SBF rose sig-
nificantly in time for the BIO-surface and SLActive sur-
face (Fig 4). However, the Ca/P ratio approached closer
to HA (1.67) only for the BIO-surface (1.33). The ratio
reached < 1 values for other samples.

In conclusion, all the samples exhibited a certain
content of Ca and P on the surface after 1 or 3 weeks in
the SBF. However, this content was approximately 1%
to 2% on most samples, which rather corresponds to
adsorption only. The only surfaces with higher content,
indicating the HA overlayer, were the BlO-surface and
SLActive surface. The thickest and most homogeneous
HA overlayer was found for the L-3w sample with very
weak Ti 2p spectral intensity from the substrate.

Besides the elemental quantitative surface anal-
ysis, a chemical bonding analysis was performed
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Fig 3 Raman spectra of implant L-Ow. References *38, **39,
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for the nonimmersed samples. For this purpose,
higher-resolution spectra were recorded with an
AXIS-Supra spectrometer. The spectra that shifted
in energy by surface charging were corrected with
respect to the C 1s peak maximum at 285.0 eV. The
photoelectron spectra of C 1s, Ti 2p, O 1s, Na 1s, and
P 2p transitions, recorded from the analyzed sample
surfaces before the immersion in the SBF, are dis-
played in Figs 5 to 9. Electron inelastic background
was removed from the spectra, and the spectra were
normalized in intensity to unity.

The C 1s spectra, shown in Fig 5, were peak-fitted into
five different bonding states, as illustrated in the bottom
spectrum. Individual lines are ascribed to the following
bonding states: The spectral lines at 282.2 and 283.8 eV
were ascribed to C-Ti*3; the spectral line at 285 eV was
ascribed to C-C and C-H; that at 286.5 eV was ascribed
to C-O; and that at 288.6 eV was ascribed to C = 0.* The
Ti 2p spectra, shown in Fig 6, exhibit peaks from Ti 2p;,,
and Ti 2p,, transitions located at 458.8 and 464 eV, re-
spectively. They represent Ti in TiO,* with a weak signal
from Ti in substoichiometric TiO,. The Ti 2p;,, intensity

Fig 4 Content of Ca (in atomic %) on the implant surface after
0, 1, and 3 weeks in SBF (determined by means of XPS).

Table 2 XPS Analysis Before and After

Immersion in SBF (in atomic %)

C [0} Ti Na P Cl F Ca

LOw 295 492 162 51 0.0 00 0.0 0.0
L-1w 437 214 161 18 77 00 0.0 9.2
3w 54.2 100 11 27 137 0.0 0.0 182
S-Ow 26.4 555 180 0.0 00 00 0.0 0.0
S1w 321 476 122 19 23 10 1.0 1.7
S-3w 38.2 455 115 11 19 03 00 15
SA-Ow 199 599 20.2 00 00 ©00 0.0 0.0
SA-lw 525 235 145 15 22 00 00 57
SA-3w 559 192 71 08 80 00 0.0 8.9
N-Ow 36.0 481 119 00 14 06 20 0.0
N-lw 32.0 489 90 20 59 03 00 1.9
N-3w 294 542 73 16 58 00 00 15
A-Ow 298 534 168 00 0.0 00 00 0.0
Alw 441 409 101 1.2 12 08 00 1.6
A3w 385 445 122 00 28 00 00 20

Estimated relative standard deviation is up to 10%.
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Fig 7 0O 1s photoelectron spectra of sam-
ple surfaces before immersion in SBF.
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from Ti in sodium titanates, Na,Ti;O, and Na,TiO;, lo-
cated close to that for TiO, (458.2 and 458.3 eV#), can be
hidden in the dominating spectral signal from Ti in TiO,,.
The O 1s spectra shown in Fig 7 exhibit a two-peak struc-
ture. The intensity at 530 eV originates from O bonded to
Ti. A rather wide peak located at approximately 532.5 eV
comprises several bonding states of oxygen: O in —OH, O
bonded to carbon, and O in titanates. Furthermore, the
O-P line (531.3 eV) probably coincides with the other
lines in sample N-Ow.*#647 Due to their complexity, the
O 1s spectra were not fitted. The P 2p spectrum of the
N-Ow sample is shown in Fig 8 and can be ascribed to the
phosphate bonding state. The Na 1s spectrum recorded
from the L-Ow sample surface, shown in Fig 9, was fit-
ted by using one line mapping the dominating spectral
signal peaked at 1,071.8 eV. This can be ascribed to Na in
Na,Ti;0,,*8 in agreement with the Raman spectra. Note

1226 Volume 32, Number 6, 2017

that the region of Na 1s spectrum is overlapped with
a weaker and wide spectral signal from Ti LMM Auger
transition. As a consequence, some excess spectral sig-
nal is clearly visible on both sides of the fitting sub-line.

EDX Analysis

C, N, O, Ti, B Ca, Na, F, K, Mg, and Cl were found on
the implants. The presence of elements with low mo-
lecular weight (C, N, and O) was measured; however,
these elements were not included in the quantitative
comparison because of the extreme error (the EDX
quantification of light elements is generally difficult),
and the rest of the element amounts were normalized
to 100%. The results can be seen in Table 3. Standard
deviations were calculated for the 3w samples; simi-
lar deviations can be expected for the other samples.
The largest deviations are observed on Ti, Ca, and P
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Table 3 EDX Analysis Before and After Immersion in SBF (in atomic %)

Ti Na P cl
L-Ow 86 14 0 0
L-dw 77 9 3 0
L-3w 40 (2) 4(1) 19 (2) 1)
S-ow 100 0 0 0
S-1w 100 0 0 0
S-3w 100 (0) 0(0) 0(0) 0 (0)
SA-Ow 84 10 0 6
SA-1w 100 0 0 0
SA-3w 86 (16) 0(0) 6 (7) 0(0)
N-Ow 81 0 19 0
N-1w 83 0 20 0
N-3w 81 (3) 1(2) 18 (5) 0 (0)
A-Ow 100 0 0 0
Adw 99 1 0 0
A-3w 100 (0) 0(0) 0(0) 0(0)

F K Mg Ca
0 0 0 0
0 0 3 8
1(2) 0(1) 2 (1) 33 (3)
0 0 0 0
0 0 0 0
0 (0) 0(0) 0 (0) 0 (0)
0 0 0 0
0 0 0 0
0(0) 0(0) 0(1) 8 (8)
0 0 0 0
0 0 0 0
0 (0) 0(0) 0 (0) 0 (0)
0 0 0 0
0 0 0 0
0(0) 0(0) 0(0) 0(0)

Standard deviations of the element amounts in 3w samples are given in parentheses. The other values are expected to have standard deviations

at a similar level.

amounts in the SA-3w samples; this is probably caused
by the nonhomogeneous distribution of growing HA
crystals. Also, the high relative deviations of the less
abundant elements might be caused by nonhomoge-
neous distribution.

Ca and P were detected on L-1w (2.7), L-3w (1.7),
and SA-3w (1.2), with the Ca/P ratio given in brackets.
The significant change in the Ca presence on the sur-
face can be seen in Fig 10.

SEM Analysis
The differences and similarities of the implant surface
structures at magnifications 10,000X were studied.
Each implant has its own unique appearance with vis-
ible microroughness; only the S-Ow and SA-Ow are not
distinguishable by the SEM images. Sharp pits from
acid etching could be seen on SA-Ow and S-Ow. A mac-
rorough surface with etch pits covered by a structure
resembling 0.5- to 2-um stars was observed on the
L-Ow. Grit-blast pits with fine-irregular valley covered
facets were present on the A-Ow implant. Pores with
a diameter in the range of approximately 0.5 to 3 um
with elevated margins were observed on the N-Ow.
No calcium phosphate crystals were found on the
surfaces of the tested implants after 1 week in the
SBF. No significant changes, compared with the initial
SEM images, were observed. Typical calcium phos-
phate spheres were found only on the L-3w and SA-3w
samples. No significant changes, compared with the
initial SEM images, were observed in the A-3w, N-3w,
and S-3w samples. The SEM micrographs can be seen
in Figs 11 to 20.

35
30
25
£ 20 - L
S =S
T 15 SA
© ~N
10 A
5
% 7 14 21
Time in SBF (d)

Fig 10 Content of Ca (in atomic %) on the implant surface after
0, 1, and 3 weeks in SBF (determined by means of EDX).

U-XRD Analysis

Since the calcium phosphate spheres were found only
on the SEM images of the L-3w and SA-3w samples,
the p-XRD analysis was performed only for these two
samples. The subsequent x-ray patterns (Fig 21) con-
firmed the presence of HA. Also, the diffraction max-
ima of titanium were identified. The TiO, lines were
not observed at all, implying its amorphous character.
Only extremely weak lines of sodium titanate were
identified; moreover, these lines partially overlay with
another diffraction maxima. This sodium titanate is
poorly crystalized, as it is produced by the alkali etch-
ing of the Ti surface. Additionally, the thin layer of so-
dium titanate is covered by HA, which attenuates the
signal from the inferior layer and bulk material of
the core of the implant. Similarly, it is clearly visible in

The International Journal of Oral & Maxillofacial Implants 1227

© 2017 BY QUINTESSENCE PUBLISHING CO, INC. PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY.
NO PART MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM WITHOUT WRITTEN PERMISSION FROM THE PUBLISHER.



Kolafova et al

Fig 11 SEM micrograph of
L-Ow.

Fig 12
L-3w.

% e €[ T
Fig 16 SEM micrograph of
SA-3w.

Fig 15 SEM micrograph of
SA-Ow.

/" ) > - 1i1 pm

Fig 20 SEM micrograph of
A-3w.

Fig 19 SEM micrograph of
A-Ow.

the intensities of the titanium diffraction lines. Their in-
tensity is also lower than the one expected for a pristine
implant. The difference in intensities between samples
L-3w and SA-3w (Fig 21) implies a larger amount of HA
on the sample L-3w compared with the sample SA-3w.

DISCUSSION

The SBF test of the commercial implants performed
in this study showed significant differences be-
tween particular implants. Only two of the five tested
implants (BIO-surface and SLActive) seem to have
surface-enhancing calcium phosphate precipita-
tion. The calcium phosphate precipitate growing on
the real implants in this study was confirmed by the
means of SEM, EDX, XPS, and u-XRD measurements.
To explain the reasons for the differences in in vi-
tro bioactivity, a complex description of the implants

1228 Volume 32, Number 6, 2017

Fig 13 SEM micrograph of
S-Ow.
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Fig 17 SEM micrograph of Fig 18 SEM micrograph of
N-Ow. N-3w.
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Fig 21 XRD patterns of the (a) L-3w and (b) SA-3w samples.
The diffraction maxima of hydroxyapatite (H), titanium (T), and
sodium titanate (N) are present.

should be undertaken. The surface characterization
methods in this work were chosen to reveal the struc-
ture, chemical composition, and crystal structure.

The surface roughness has an effect especially on
the protein and cell response. However, its influence
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on the SBF response was also described.* In the pres-
ent study, the only two samples with positive SBF re-
sponse were the two with the two highest Sa values.
The comparison of the roughness values with the
aforementioned study is difficult, since different mea-
surement and evaluation methods were used.

All the implants have microstructured surfaces. The
BIO-surface implant has the finest observed structure,
with a surface area 2 orders of magnitude higher than
pure titanium,>® which means a higher area for the SBF
(or blood plasma) reaction with the implant surface.
The SLActive surface seems to be very similar to SLA
in the SEM micrographs. The distinct bioactivity of SLA
and SLActive, according to the SBF test, implies, most
likely, the importance of the combination of an appro-
priate morphology with other properties.

The chemical composition is similar for all the im-
plants before immersion in the SBF. The EDX and XPS
analyses revealed a major content of Ti and O in all sam-
ples. Moreover, Na is present on the surface of the SA-Ow
(accompanied by chlorine) and L-Ow samples, and P was
detected on the surface of the N-Ow sample. The Na and
Cl on the noncleaned SLActive surface were identified
as the storage solution residues, as they disappear after
rinsing with water. All the implants were contaminated
by carbohydrates; the amounts of carbon are compa-
rable with other studies.?® The C contamination can be
caused by atmospheric pollution or by technology (eg,
washing). The differences between the XPS and EDX re-
sults were caused by distinct information depth.

The chemical bonding analysis by means of
high-resolution XPS revealed the presence of domi-
nating titanium dioxide and minor substoichiometric
titanium oxides on the surface of all samples. How-
ever, the bands of titanium oxides may interfere with
the bands of titanates, which were identified on the
BIO-surface with Raman spectroscopy.

The calcium and phosphorus ion adsorption and
apatite crystal growth on alkali-treated titanium,
as well as the lack of Ca and P adsorption on only
acid-treated titanium in the SBF, were described be-
fore.>' No references for SLActive in SBF were found.

The calcium phosphate spheres, identified as HA by
means of p-XRD, were observed only on the BIO-surface
and SLActive surface. There are a couple of properties
that these surfaces have in common. Both surfaces are
the roughest ones among the tested surfaces. However,
the differences of surface roughness are not as significant
in some cases (eg, SLA vs SLActive), so perhaps the rough-
ness itself is not a key to bioactivity; nevertheless, it can
play an important part in combination with other surface
properties. Wettability was not measured in this work,
but based on references, the BlO-surface and SLActive
surface are hydrophilic with high surface free energy.>>3
Sodium compounds (sodium chloride and sodium

titanate) are present on these surfaces. Sodium chloride
was detected on the SLActive surface as the storage solu-
tion residue. Sodium titanate was detected only on the
BlO-surface in this study; however, the detectable tita-
nate on the SLActive surface was published previously.?’
The evidence of sodium titanate on the SLActive surface
can be supported by the fact that the Na/Cl ratio deter-
mined on the SA-Ow surface with EDX is > 1, so that part
of the Na atoms is bound to other than chlorine particles.
These Na atoms can co-form an alkali titanate layer.

Kim et al?> described a mechanism of ionic ex-
change leading to HA crystallization from SBF. In this
mechanism, the alkali titanate layer plays the key role.
This, together with the high surface roughness and
high wettability, can contribute to the HA formation
on the surfaces of the two samples.

However, the HA deposition rate can also be affect-
ed by other factors, eg, carbon contamination. Nonpo-
lar carbon contaminants can negatively influence the
wettability of the surface. Nevertheless, the complete
effect of the carbon contaminants on the HA deposi-
tion rate remains unclear.

CONCLUSIONS

According to the in vitro SBF experiment, both the
BlO-surface (LASAK) and SLActive (Institut Straumann)
implants accelerate calcium phosphate forming on
their surfaces compared with the other commercial
implants tested in this study: SLA (Institut Straumann),
TiUnite (Nobel Biocare), and OsseoSpeed (Astra Tech).

The implant surface is a complex system with sev-
eral properties that can affect the calcium phosphate
deposition rate. Therefore, it is very difficult to iden-
tify a single property that has an impact on faster HA
crystallization from SBF. However, it can be concluded
that the only two samples the HA layer was observed
on have multiple properties in common: high surface
roughness, high wettability, and a certain content of
the alkali titanate hydrogel.
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