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ABSTRACT

Purpose: The aim of this study was to assess the effect of implant coating with laminin-1 on the early stages of osseointe-
gration in vivo.

Materials and Methods: Turned titanium implants were coated with the osteoprogenitor-stimulating protein, laminin-1
(TL). Their osteogenic performance was assessed with removal torque, histomorphometry, and nanoindentation in a rabbit
model after 2 and 4 weeks. The performance of the test implants was compared with turned control implants (T), alkali-
and heat-treated implants (AH), and AH implants coated with laminin-1.

Results: After 2 weeks, TL demonstrated significantly higher removal torque as compared with T and equivalent to AH.
Bone area was significantly higher for the test surface after 4 weeks, while no significant changes were detected on the
micromechanical properties of the surrounding bone.

Conclusions: Within the limitations of this study, our results suggest a great potential for laminin-1 as a coating agent. A
turned implant surface coated with laminin-1 could enhance osseointegration comparable with a bioactive implant surface
while keeping the surface smooth.
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INTRODUCTION increased knowledge inherited by the extensive implant

Dental implants have been used with great success in ~ €Xperience has generated high expectations, thereby

clinics as a long-term therapy against edentulism.'” The challenging the original surgical protocol, which

demanded two-step surgery and long healing periods.
This demand of increased implant performance has led
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to the development of new moderately rough surfaces by
utilizing chemical modification methods, for example,

tion.® These techniques alter both the surface chemistry
and topography, which both may contribute to chemical

activity.” The bioactively modified implants have dem-
onstrated higher success rates in demanding cases, for

jaw surgery,” as compared with the previously used
turned implants.
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implant surface characteristics have been reported to
affect the possibility for debridement during the surgical
procedure, thereby potentially influencing the outcome
of treatment of experimental peri-implantitis.'* There-
fore, the idea of an implant combining the osteoconduc-
tive properties of a moderately rough surface with the
accessibility for debridement of a turned surface may be
of clinical interest on condition that the experimental
peri-implantitis observations are clinically applicable.

In order to induce osteogenicity, bone-specific
biomolecules"™” have been utilized as implant coating
agents. Interestingly, even non-bone-specific molecules
have demonstrated osteogenic potential.'”® In vitro
studies have identified laminin-1 as a potential osteo-
genic agent. Laminins are heterotrimeric glycoprotein
molecules that bind to a protein family known as
integrins, especially B1 and B2 integrins."” Laminin-1
has been proposed to selectively recruit osteoprogenitor
cells though integrin P1-mediated cell attachment
effect?®”! and to stimulate production of alkaline phos-
phatase by osteoblasts.”” Theoretically, any effect of a
protein coating is presumably more pronounced during
the early stages of osseointegration.

In a previous study,” we have investigated the
potential of laminin-1-coated titanium discs to preci-
pitate calcium phosphates in vitro. The results from
that study suggested enhanced precipitation of calcium
phosphates on laminin-1 coated compared with non-
coated surfaces. Additionally, alkali- and heat-treated
surfaces, which have been claimed to be bioactive,”
seemed to favor the rate of calcium phosphate precipi-
tation. Nevertheless, because the in vivo environment is
more complex in terms of protein interactions” and

t,%° in vivo validation is

desorption of the coating agen
regarded most important.

The purpose of this in vivo study is to investigate the
effect of a novel implant coating agent, laminin-1, on

osseointegration.

MATERIALS AND METHODS

Implants and Laminin-1 Coating

In total, 88 threaded titanium implants (Neodent,
Curitiba, Parana, Brazil) with turned surface were used
(diameter: 3.5 mm, length: 7 mm). Half of the implants
(n=44) were bioactively modified by alkali and heat
treatment as described in the literature.’ In brief, the
implants were soaked in 5M aqueous NaOH for 24
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hours at 60°C, rinsed with distilled water, and dried at
40°C for 24 hours. The implants were heated to 600°C by
increasing the temperature by 5°C/min in an electrical
furnace (Bitatherm, Bita Laboratory Furnaces, Ramat
Gan, Israel) and were kept at 600°C for 2 hours. The
implants were left in the furnace until they reached
room temperature. Prior to surgery, half of the turned
(n =22) and half of the alkali- and heat-treated implants
(n=22) were coated with laminin-1 and served as the
test group. In brief, laminin-1 (L2020, Sigma-Aldrich,
Stockholm, Sweden) was diluted to a concentration of
100 pg/mL in Dulbecco’s phosphate-buffered saline
without CaCl, or MgCl, (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 UL
of the laminin-1 solution per well for 1 hour at room
temperature. As investigated with ellipsometry on thin
vapor-deposited titanium surfaces,”” the incubation
resulted to protein thickness corresponding to 26 A. The
remaining uncoated implants served as the controls.

Surface Characterization

The surface topography of the implants was characterized
with an optical interferometer (MicroXam, ADE Phase
Shift, Tucson, AZ, USA) operating in a wavelength of
A =550 nm. According to the suggested guidelines for
implant surface characterization,® three implants from
each group were randomly selected and each measured in
nine regions (three thread tops, three thread valleys, and
three flank regions). A 50 X 50 pm Gaussian filter was
applied to separate roughness from form and waviness.
The following three topographical parameters were evalu-
ated: Sa (um) = the arithmetic average height deviation
from a mean plane; Sds (Wm™) = the density of summits;
and Sdr (%) = the developed surface ratio. Thus, the three
selected parameters described the variation in height,
the spatial dimension, and the overall surface enlarge-
ment; the latter is dependent on vertical and height varia-
tions, thereby representing a so-called hybrid parameter.

Animals and Surgical Procedure

The study was approved by the Malmé/Lund, Sweden,
Regional Animal Ethical Committee (approval number:
M282-09) and included 22 lop-eared rabbits (11 per time
point) of mixed sexes with an average weight of 4.07 kg.
Prior to surgery, the animals were sedated by
intramuscular injections of a mixture of 0.15 mL/kg
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of medetomidine (1 mg/mL Dormitor; Orion Pharma,
Sollentuna, Sweden) and 0.35mL/kg of ketamine
hydrochloride (50 mg/mL Ketalar; Pfizer AB, Sollen-
tuna, Sweden). The hind legs were shaved and disin-
fected with 70% ethanol and 70% chlorhexidine.
Lidocaine hydrochloride (Xylocaine; AstraZeneca AB,
Gothenburg, Sweden) was administrated as local anes-
thesia at each insertion site at a dose of 1 mL. Four
groups of implants were defined as the following: T:
turned; TL: turned and laminin-1 coated; AH: alkali and
heat treated; and AHL: alkali and heat treated and
laminin-1 coated. Two implants were inserted in each
tibia. Laminin-1-coated implants (TL and AHL) were
always placed in the same leg to avoid errors due to
possible diffusion of laminin-1 to the surrounding bone.
However, the position of TL and AHL within the tibia
was randomly selected, as was the case for T and AH.
The operator was blinded regarding the implant inser-
tion scheme. After the operation, buprenorphine hydro-
chloride (0.5 mL Temgesic; Reckitt Benckiser, Slough,
UK) was administered as an analgesic for 3 days. After 2
and 4 weeks, the rabbits were sacrificed with an overdose
(60 mg/mL) of pentobarbital natrium (Apoteksbolaget
AB, Stockholm, Sweden).

Removal Torque (RTQ)

The skin above the implants was incised, and 64
implants (eight of each group and time point) were
screwed out of the bone with a RTQ device. The RTQ
equipment is an electronic device with a strain gauge
transducer where the torque necessary to loosen the
implant from the bed is registered immediately at
the moment of loosening. The highest value for each
implant was recorded as the RTQ value.

Histomorphometry

The samples were processed for undecalcified ground
sectioning.”” In brief, 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 central ground section was
prepared from each implant by using the Exakt sawing
and grinding equipment. The sections were ground to a
final thickness of approximately 10 um and histologi-
cally stained with toluidine blue mixed with pyronin G.

Histological evaluations were performed using a
light microscope (Eclipse ME600; Nikon Co., Tokyo,
Japan), and the histomorphometrical data were ana-

lyzed by an image analysis software (Image J v. 1.43u;
National Institutes of Health, Bethesda, MD, USA). The
implant surface between two consecutive thread tops
was defined as the area of interest. The bone-implant
contact (BIC) percentage and the bone area (BA) per-
centage along the implant for total bone and new bone
were calculated with x10 objectives. Additionally, the
osteoinductive capacity of the various implants was esti-
mated in terms of BIC (new BIC) and BA (new BA) for
the newly formed bone.

Nanoindentation

The remaining portion blocks embedded in resin were
processed in the same manner as the histological sec-
tions; further polishing was performed to remove both
scratches and staining using diamond suspensions of
9- to 1-um particle size (Buehler, Lake Bluff, IL, USA).
The final thickness of these sections was approximately
100 um. Nanoindentation (7 =30/specimen) was per-
formed using a nanoindenter (Hysitron TT 950, Minne-
apolis, MN, USA) equipped with a Berkovich diamond
three-sided pyramid probe. A wax chamber was created
above the acrylic plate around the implant-in-bone
perimeter, so that tests were performed in distilled water.
A loading profile was developed using a peak load of
300 uN at a rate of 60 UN/s, followed by a holding time
of 10 seconds and an unloading time of 2 seconds.
The extended holding period allowed bone to relax to
a more linear response, so that no tissue creep effect
was occurring in the unloading portion of the profile
(ISO 14577-4). Therefore, from each indentation, a
load—displacement curve was obtained.”

For each specimen, mechanical testing was per-
formed in the threaded region (cortical area), in which
generally new bone formation is present at early obser-
vation time points. This region was subdivided into four
bone quadrants. Bone tissue was detected by imaging
under the light microscope (Hysitron TI 950, Minne-
apolis, MN, USA) and indentations were performed
in the selected areas. From each analyzed load-
displacement curve, reduced modulus (GPa) and hard-
ness (GPa) of bone tissue were computed and its elastic
modulus E (GPa) was calculated as follows:

l—Viz

+
E, E E;
where E, is the reduced modulus (GPa), v (0.3) is the
Poisson’s ratio for cortical bone, and E; (1140 GPa) and
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Figure 1 Surface topography parameters prior to operation: Sa (A), Sds (B), and Sdr (C). p-values are presented in Table 1.
AH = alkali and heat treated; AHL = alkali and heat treated + laminin-1; T = turned; TL = turned + laminin-1.

v; (0.07) are the elastic modulus and the Poisson’s ratio

for the indenter.’'***

Statistical Analyses

The statistical calculations were performed with SPSS®
(version 18, Chicago, IL, USA). The normality of the data
was assessed by the Shapiro-Wilk test. The statistical
comparison for the topographic parameters Sa, Sds, and
Sdr, as well as for RTQ, was assessed by Friedman’s two-
way analysis of variance by ranks. Pairwise comparisons
were executed with the nonparametric Wilcoxon signed-
rank test. The statistical comparison for the mean values
of BIC, new BIC, BA, and new BA was assessed by one-
way analysis of variance combined with the Bonferroni
post-hoc test. For the statistical analysis of the nanoin-
dentation, a generalized randomized block was used.
The level of statistical significance was set at p <.05.

RESULTS

Surface Characterization

Coating of the turned implants with laminin-1 (TL)
induced no statistically significant differences of the
initial (T) topography at the micrometer level of resolu-
tion (Figure 1,A—C).In contrast to the T surface, once the
AH surface was subjected to laminin coating (AHL), the
height deviation from the mean plane (Sa) was increased
and the total surface of the implant (Sdr) was enlarged
significantly. On the contrary, the coating process had
no effect on the density of summits (Sds) of the alkali-
and heat-treated surfaces. All the investigated surface
topography parameters were significantly lower for T
and TL as compared with both AH and AHL (Table 1).

RTQ

After 2 weeks, the implants TL and AH demonstrated
significantly higher RTQ as compared with T and AHL.
No significant differences were detected among the four
implant groups after 4 weeks (Figure 2).

Histomorphometry

When measuring the osteoconductivity of the surfaces,
significantly higher BA (Figure 3B) was detected after
4 weeks for TL as compared with all other groups
(Table 2). For the same observation time, new BIC
(Figure 3C) was also higher for TL, but the difference
was not significant (p =.258).

After 2 (p=.353) and 4 weeks (p = .459), no signifi-
cant differences were concluded among the four implant
groups in BIC (Figure 3A). New BA was not found to
differ among the groups (Figure 3D) at any time point

TABLE 1 p-Values for the Pairwise Comparisons

Regarding Surface Topography Parameters among
the Implant Types

Sa (p-Value) Sds (p-Value)  Sdr (p-Value)
T-TL .528 .647 574
T-AH .033* <.001*%** <.001*%*
T-AHL <.001*%** <.001*+** <.001*%*
TL-AH .002** <.001*+** <.001*%*
TL-AHL <.001*** <.001*** <.001*%*
AH-AHL <.001*** 131 <.001*%*

*p <.05; ¥p < .01; ***p < .001.

AH = alkali- and heat-treated implant; AHL = alkali- and heat-treated
implant coated with laminin-1; T = turned implant; TL = turned implant
coated with laminin-1.
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Figure 2 Removal torque values after 2 and 4 weeks. AH = alkali and heat treated; AHL = alkali and heat treated + laminin-1;

T = turned; TL = turned + laminin-1.

(p=.938 and p=.218). Significant differences were
detected neither for new BIC (Figure 3C) (p = .288) nor
for BA (Figure 3B) (p =.566) after 2 weeks.

Nanoindentation

The micromechanical properties of the bone surround-
ing the four tested implant types did not present
any significant differences in elastic modulus or in hard-
ness after 2 (p =.647 and p = .418, respectively) and 4
(p=.739 and p = .523, respectively) weeks.

DISCUSSION

In the present study, the knowledge from the previous
in vitro results® was implemented in the choice of
the surface modifications. Evaluation of the selected
topographical parameters did not reveal any alterations
of the turned implant surface profile as a result to
laminin-1 coating. Hence, the response of the bone
tissue to TL implant may be explained by the mole-
cular influence of laminin-1. Although coating with
laminin-1 did not affect the surface topography of the
turned surface significantly, it did elevate the average
height deviation from a mean plane (Sa) and the devel-

oped surface ratio (Sdr) of the alkali- and heat-treated
surface. The structure of alkali- and heat-treated sur-
faces has been described before” as spike-like structures.
The protein deposition on the surface may have further
increased the length of the spike-like structures. This
could have resulted in higher Sa and subsequent increase
of the total implant surface (Sdr). On the other hand, the
protein coating did not result in significant changes in
Sds. It might have been expected that the protein mole-
cules would be detected as prominences on the titanium
surfaces. However, such prominences could not be
detected in the current resolution and hence did not
result in any changes in the density of summits (Sds).
Reflecting the optimal surface properties for
osseointegration, higher RTQ values for the AHL
implant may have been expected because its surface
properties are closer to the optimal ones. Nevertheless,
important surface chemistry properties’ may have been
altered by the laminin-1 coating. This may explain why
the RTQ performance of AHL implants corresponded to
that of T implants. However, the intriguing finding was
that laminin-1 coating of the turned surfaces promoted
the RTQ response to a level equivalent to RTQ for the
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Figure 3 Bone-implant contact (A), bone area (B), new bone-implant contact (C), and new bone area (D) after 2 and 4 weeks
measured by histomorphometry. p-values are presented in Table 2. AH = alkali and heat treated; AHL = alkali and heat

treated + laminin-1; T = turned; TL = turned + laminin-1.

“bioactive” AH surfaces. To our understanding, this
may be explained by the alterations in surface chemi-
stry induced by laminin-1 because no alterations in
surface topography were apparent. This seems to be in

TABLE 2 p-Values for the Pairwise Comparisons

Regarding BA among the Implant Types after
4 Weeks

BA 4 Weeks (p-value)

T-TL 001
T-AH .015%
T-AHL .019*
TL-AH <.001***
TL-AHL <.001***
AH-AHL 1.000

*p <053 **p < .01; **p < 001

AH = alkali- and heat-treated implant; AHL = alkali- and heat-treated
implant coated with laminin-1; BA =bone area; T = turned implant;
TL = turned implant coated with laminin-1.

agreement with the in vitro explanation model pro-
posing recruitment of pre-osteoblasts by an integrin
B1 dependent cell attachment effect.”*?!

As in vitro results show higher protein release
during early incubation time points,” the biochemical
coating is theoretically released more rapidly during the
early time after implantation, and it may be assumed
that the findings from histomorphometry should corre-
spond to the RTQ values. Despite the differences in
RTQ after 2 weeks, no statistically significant differences
were detected in terms of BIC, new BIC, BA, or new BA.
However, although a well-established method, histo-
morphometry may be assumed not to provide adequate
information regarding the overall quality of the bone
in a three-dimensional pattern because it represents
a single central section. The higher BA detected after
4 weeks is more likely to contribute to enhanced pull-
out strength than higher RTQ. This assumption is in
agreement with the findings from a study evaluating
bisphosphonate-coated implants in rats.”
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As it regards the nanomechanical properties of the
newly formed bone, the absence of significant differ-
ence on elastic modulus and hardness may have several
explanations. The mechanical properties of newly
formed bone (4 weeks) around implants in rabbits have
been studied by nanoindentation®” and micro-Brillouin
scattering.”® The results have demonstrated that newly
formed peri-implant bone presents lower hardness,
lower elastic modulus, higher biomechanical heteroge-
neity, and 13.5% less mass compared with mature bone
(7 weeks). Taking into account the time points used in
the present study (2 and 4 weeks), it may be speculated
that any difference in bone response triggered by
laminin-1 coating is limited on the implant-bone inter-
face at the investigated time points. This may explain
why RTQ testing most successfully detected differences
in the biomechanical response among the tested surface
modifications, although the mechanical properties of
the surrounding bone tissue did not significantly differ
among the tested groups, as evaluated with the nanoin-
denter. Hence, it could be of importance to examine the
biological phenomena occurring in the implant-bone
interface in a future study.

CONCLUSIONS

To our knowledge, this is the first time a study presents
evidence that coating of turned titanium implants
with laminin-1 enhances osseointegration in vivo. This
finding is of importance because laminin-1 coating has
great potential to enhance osseointegration compared
with ordinary turned. As the mechanisms of coating
clearance in vivo are complicated, it appears to be chal-
lenging to determine the appropriate time point to
examine the peak of the phenomenon. This complexity
results in an outcome highly depending on the choice
of evaluation time points and methods. Therefore,
further studies are needed to understand the underlying
biological mechanisms in terms of gene expression and
molecular signaling pathways.
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