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KEYWORDS Abstract Introduction: Laser micromachining of titanium and its alloys can create micro-grooves
Laser micro-grooving; with sizes similar to cell diameter of about 10 um. Its coating with arginine-glycine-aspartic acid
RGD coating; (RGD) may enhance cellular spreading and adhesion. This study aimed to evaluate the effect of
Titanium implants; laser micro-grooving and laser micro-grooving combined with RGD coating on the strength of
White New Zealand rabbits; the dental implants/bone interface using destructive mechanical pullout testing in experimental ani-
Mechanical testing mals.

Materials and methods: 1In this study, the test groups consisted of 1.5-mm diameter, 5S-mm long
laser-grooved and laser-grooved/RGD coated titanium alloy (Ti-6Al-4 V) rods, and the control
group included plain titanium alloy (Ti—-6Al-4 V) rods. These rods were implanted in the mandibles
of New Zealand white rabbits for 2, 4, and 6 weeks. After sacrifice, the test and control specimens
were retrieved for mechanical pullout testing. The DMA 7-e was used to pull the titanium rods out
of the bone, the probe position was plotted versus time graph to monitor the test progression, and
the static modulus versus time graph was viewed; such graphs was then transformed into tables. The
results were analyzed using the Mann-Whitney test.

Results: The laser-grooved/RGD coated rods had significantly higher pull-out strength than the
laser-grooved and control rods. Additionally, the laser-grooved rods had significantly higher pull-
out strength than control rods.

Conclusion: Two novel surface treatments were used: laser micro-grooving and tri peptide RGD
coating, both of which had different effects on the dental implant interface. Laser grooving
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improved peri-implant bone healing, whereas RGD coating facilitated earlier bone—implant
adhesion and better mineralization.

© 2023 The Author. Production and hosting by Elsevier B.V. on behalf of King Saud University. Thisisan
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In laser micromachining, the surface of titanium and its alloys
can be modified by laser, creating micro-grooves with a size in
the order of a cell diameter of about 10 um, which promotes
better interaction between the surface and the surrounding
environment. However, there are considerable variations in
the literature regarding the effects of micro-groove geometry
on cell orientation and integration with titanium surfaces
(Dee and Puleo, 2000; Anselme, 2000; Wilson et al., 2005;
Sader et al., 2005; Huang et al., 2004; Wang et al., 2000;
Ricci and Alexander, 2001). Consequently, the production of
a dental implant with controlled surface roughness was consid-
ered to facilitate basic studies on the effects of laser groove
dimensions and geometry on cell adhesion to titanium surfaces
(Chen et al., 2011; Farronato et al., 2014; Veiko et al., 2021;
Alkhodary, 2014; Zheng et al., 2022; Chen et al., 2009;
Mastrangelo et al., 2020).

The Arg-Gly-Asp peptide (RGD peptide) immobilized on
titanium surfaces serve as a molecular bridge for enhancing
the adhesion of bone-forming cells to titanium dioxide implant
surfaces, which in turn improves the mechanical properties of
the developing bone-implant interface (Morra, 2006; Rezania
and Healy, 2000; Kroese-Deutman et al., 2005; Elmengaard
and Bechtold, 2005; Parfenov et al., 2019; Xu and Jiang,
2022; Xu et al., 2022; Heller et al., 2018 Feb; Dayan et al.,
2019; Syam et al., 2021; Georgieva et al., 2023; Chen et al.,
2022; Onak et al., 2018). The synergistic osteogenesis resulting
from the bioinspired peptide RGD adhesion on Ti implants
has been found to alleviate wear particle-induced inflammation
and promote interfacial osteogenesis (Syam et al., 2021;
Georgieva et al., 2023; Chen et al., 2022; Onak et al., 2018;
Ma et al., 2022; Guo et al., 2022; Zhou et al., 2019; Wang
et al., 2013; Fu et al., 2009; Bly et al., 2007; Milburn et al.,
2009; Alkhodary et al., 2010; Marei et al., 2010 Jan; Salifu
et al., 2020; Salifu et al., 2020).

Pushout and pullout tests are commonly employed to assess
the ex-vivo mechanical competence of biological fixation in
orthopedic and dental implants by evaluating the shear
strength of the bone-implant interface. These tests are widely
used due to their relatively simple test protocols, typically
involving a uniaxial material testing machine operated under
displacement control, along with a simple support jig for the
pushout test or a hookup system for the pullout test (Pitzen
et al., 2004; Lawson and Brems, 2001; Reitman et al., 2004;
Koistinen et al., 2003; Park and Kwon, 2004; Liebschner,
2004; International Standard ISO 10993-6, 1994; Neyt et al.,
1998; Shirazi-Adl et al., 1994; Berzins et al., 1997; Benesch
et al., 2008; Schwartz et al., 2003; Mavrogenis et al., 2009;
Joos et al., 2006; Hansson, 1999; Marco et al., 2004; Steven
et al., 2006; Jaasma et al., 2002).

Based on the aforementioned data, this study aimed to eval-
uate the effect of laser micro-grooving and the combined laser
micro-grooving/RGD coating on the dental implant/bone

interface strength in experimental animals using destructive
mechanical pullout testing.

2. Materials and methods

In this study, 1.5-mm diameter, 5-mm-long laser-grooved and
laser-grooved/arginine-glycine-aspartic acid (RGD) coated
titanium alloy (Ti-6Al-4 V) rods were used as the test group,
and the control group consisted of plain titanium alloy (Ti-
6A1-4V) rods. These rods were implanted in the mandibles
of New Zealand white rabbits for 2, 4, and 6 weeks. The ani-
mals were then sacrificed, and the test and control specimens
were retrieved for mechanical pullout testing.

2.1. Laser micro-grooving of the titanium implants

The coherent AVIA laser machine (AVIA 355-4500) was used
for the laser grooving process. The AVIA is a pulsed laser, in
contrast to a continuous wave laser, in which the output only
occurs in bursts every time the laser is triggered. The AVIA
was set up to output 40 ns pulses at a wavelength of 355 nm
in the ultraviolet spectrum (Fig. 1). After setting the AVIA
laser machine to work on external mode, with the laser beam
pulsed with every 20-um movement of the Aerotech stage,
the titanium rods were laser micro-grooved as follows:

e The titanium rods, provided by McMaster Carr, Inc., were
initially reduced in diameter from 4 to 1.5 mm using a tra-
ditional milling machine (Hardinge Brothers, Inc.).

e Two titanium rods with a diameter of 1.5 mm and length of
24 mm were joined together using heat shrink tubes
(McMaster Carr, Inc.).

e The setup consisted of a small x-y stage screwed to the
Aerotech stage, a specially designed holder fixed to the x-
y stage by means of two columns, and a rotation (U or
R) stage screwed to the Aerotech stage facing the holder.

Fig. 1
rod.

Surgical site preparation and placement of the titanium
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e One of the titanium rods was fixed to the U stage to transfer
the rotation to the other rod, which rotated through the
holder in an ax-symmetric manner without any off-axis
runout.

e The laser micro-grooving was examined using a scanning
electron microscope (Philips, X130 Feg, X1 Series).

2.2. RGD coating of the titanium implants after laser micro-
grooving

e The titanium rods were immersed in a solution of 3 mg 11-

hydroxyundecylphosphonate (AP) in 100 ml of tetrahydro-

furan (THF; Sigma Aldrich, Batch # 11972ch). The immer-
sion was carried out under continuous stirring conditions
until evaporation. Subsequently, the rods were baked for

24 h at 120 °C under vacuum (Isotemp Vacuum Oven,

280a, Fisher Scientific) to form ether bonds between the

oxide layer and AP.

Afterward, the rods were immersed in a solution of 10 mg

maleimide (Sigma Aldrich, BATCH #CAS 55750-62-4) in

500 ml of anhydrous acetonitrile (Sigma Aldrich, Batch #

03735hh) in a dry nitrogen chamber under stirring condi-

tions for 24 h.

e Next, the titanium rods were immersed in a solution of
0.5 mg of RGDC (American Peptide Company Inc.) dis-
solved in 500 ml of distilled water. The reaction between
AP and maleimidopropionic acid resulted in the attachment
of the R-G-D-C chain to cysteine via addition reactions.

e Fourier Transform Infrared (FT-IR) spectroscopy was
employed to verify the success of the RGD coating process.
This technique uses a Michelson interferometer to create a
beam of light with different frequencies at once. Then, by
measuring the absorbed portion of the beam, an interfero-
gram is constructed as the raw signal to detect the infrared
emission of the functional RGD groups attached to the sur-
face via the alkyl phosphonate (AP) linker molecule, which
would emit different colors at different micro-groves loca-
tions when subjected to infrared radiation.

2.3. The experimental animal study

A total of 36 white New Zealand rabbits, 3 months old and
weighing 1.5 kg, were used in the study. The sample size was
determined using power analysis of sample size, and the study
received ethical approval from the College of Dentistry at
Alexandria University in Egypt.

The animals were divided into two groups:

e Group I: This group included 18 rabbits, where the right
side of each rabbit’s mandible received a laser-grooved tita-
nium rod, and the left side received a plain titanium rod as a
control.

e Group II: This group included 18 rabbits, where the ani-
mals received laser-grooved/RGD coated rods in the right
side of their mandibles and plain titanium rods as controls
in the left side.

The animals were operated upon under general anesthesia.
A crestal incision was made, followed by raising a full-

thickness flap to expose the alveolar bone. A 1.2-mm drill
was used to establish an osteotomy of 1.5 mm in diameter
and 5 mm in depth using a contra-angle handpiece with a
reduction speed of 20:1. The implant was manually secured
in place using a needle holder (Fig. 1). The tension-free flap
was repositioned and sutured. At 2, 4, and 6 weeks following
implantation, six animals from each group were sacrificed.

2.4. Ex-vivo testing

After sacrificing the animals, the samples were retrieved. In the
presence of a water coolant, a diamond disk was used to cut
excess bone mesial and distal to the pin, ensuring that the
mesio-distal length of the bone sample was at least three times
that of the pin to avoid the end-effect stresses during testing.

A dynamic mechanical analyzer (DMA 7-e, Berkin Elmer,
USA) with a maximum tension of 6000 mN was used. Proper
vertical orientation of the pin within the sample was crucial to
avoid catching effects and concerns about potential misalign-
ment between the implant axis and pullout force. To achieve
this, a flat seat was created by cutting the inferior border of
the sample. The embedded part of the implant (I mm) was
grasped by the upper member of the DMA 7-e, while the bone
retaining the embedded part was grasped by the lower mem-
ber. A constantly increasing static force was applied, starting
with 100 mN and increasing at a rate of 500 mN/min until
reaching 6000 mN, in order to pull the titanium pin out of
the bone (Fig. 2). The machine generated a graph for each test,
which was then transformed into a table (Fig. 3).

2.5. Statistical analysis

Normality was not detected in the studied groups, and since a
continuous level variable was measured for all observations, it
was necessary to test if the distribution of this variable differed
between the groups. The Mann-Whitney test was used to com-
pare between the groups, and the Wilcoxon signed ranks test

Fig. 2 A. Mechanical characterization of the ex-vivo sample
using the Dynamic Mechanical Analyzer (DMA 7-e): sample
mounted: showing the bone attached to the lower member and the
pin attached to the upper member of the assembly, titanium rod
pulled-out of place,
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Fig. 3 Transforming the DMA curves into tables: plotting static modulus versus time, and transforming static modulus curve into
numerical values for analysis.

Fig. 4 SEM examination of laser micro-grooves on the titanium rod, note an average depth and width of about 10 um.

was used to assess progress within different time intervals as immunofluorescence showed success of AP linker molecule
these tests are commonly employed two-sample nonparametric attachment to the titanium surface through the green and
statistical tests and share similar hypotheses. red fluorescence, which was further confirmed by the

immunofluorescence curve at about 2750.

3. Results o As the DMA 7-e was used to pull the titanium rods out of
the bone, the probe position versus time graph provided
The SEM study revealed that the engraved micro-groves were insights into the test progression, while the static modulus
of an average width of 10 pm (Fig. 4), and the FT-IR the versus time graph allowed for a comparison between the
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Table 1 Statistical analysis of the mechanical pull-out results (Pa).

RGD Control Laser
Week 2 -
Range 67,300 — 4,730,000 - -
Mean + SD 2383687.3 + 1383549.3 - -
Median 2,380,000 -
Z, (p) = _
Z; (p) _
Week 4
Range 89300-3020000 90700-6565000 743005480000
Mean + SD 1141877.8 + 747835.7 257400.0 + 1875143.2 2715211.1 £ 1609160.4
Median 846,000 3,165,000 2,690,000
Z, (p) 5.750* (<0.001) 5.528% (<0.001)
Z, (p) 7.829* (<0.001)
Week 6
Range 867005750000 73200-968000 65700—4910000
Mean + SD 2982788.9 + 1665848.9 512701.6 + 258604.8 2036550.8 + 1450204.7
Median 2,870,000 493,000 2,430,000
Z, (p) 5.103* (<0.05) 5.503* (<0.033)
Z, (p) 2.430* (<0.015)

Z,: for Mann Whitney test between RGD and other groups.
Z,: for Mann Whitney test between control and laser.
" Statistically significant at p < 0.05.

groups. These graphs were transformed into tables for sta-
tistical analysis using the Mann-Whitney test (Table 1 and
Fig. 5):

e At week 2, the laser-grooved/RGD coated rods demon-
strated significantly higher strength than the laser-grooved
and control rods. The laser-grooved and control rods were
too weak to be tested.

e At week 4, the laser-grooved rods exhibited the highest sta-
tic modulus among the three groups, and there was a statis-
tically significant difference between the groups.

e At week 6, the laser-grooved/RGD rods had the highest sta-
tic modulus, and the laser group rods was statistically stron-
ger than the control group rods.

The Wilcoxon signed ranks test was used to evaluate the
progress within each experiment interval (Table 1 and Fig. 5):

e For laser-grooved/RGD rods: From week 2 to week 4,
there was a significant decrease in static modulus values,

3500000
Static
Modulus 5000000
(Pa)

2500000

whereas from week 4 to week 6, there was a significant
increase.
e For control plain rods: From week 2 to week 4, there was
no statistically significant increase in strength, whereas from
week 4 to week 6, there was a significant increase.
For laser-grooved rods: From week 2 to week 4, there was a
significant increase in static modulus values, whereas from
week 4 to week 6, there was no statistically significant dif-
ference in the pullout strength.

4. Discussion

Laser micro-grooving of dental implants has been successfully
applied in clinical applications. Farronato et al. (Farronato
et al., 2014) employed laser micro-grooving on the implant neck
module in single tooth replacements using immediate loading.
Chen et al. (Chen et al., 2011) reported that titanium (Ti-6Al-
4V) possesses the necessary biocompatibility and mechanical

B RGD 2000000 -
= CONTROL
LASER/RGD 1500000
1000000
500000
0

WEEK 2

Jl

WEEK 4 WEEK 6

Fig. 5 Mechanical pull-out static modulus mean values for the laser grooved/RGD coated, control, and laser grooved rods at 2, 4, and

6 weeks.
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strength for dental implants, with the only drawback being the
modulus mismatch with the bone, which calls for the develop-
ment of new strategies to minimize stress shielding phenomena
and enhance the bone-implant interface strength across the
entire implant surface, which would reduce the risk of recruit-
ing more aluminum to the surface and associated cytotoxicity
compared with any other surface roughening technique.

As shown in the work of Fu et al, (Fu et al., 2009) Bly et al;
(Bly et al., 2007) and Milburn et al., (Milburn et al., 2009) the
method described in this work to coat titanium surface with
RGD gave a chemically bound surface coat that resisted
removal by solvent or mechanical methods. This RGD biomi-
metic coat was also studied by Marei et al. (Marei et al., 2010)
and Chen et al. (Salifu et al., 2020) in experimental animal
models who reported its success in increasing the bone adhe-
sion; additionally, in a clinical trial by Alkhodary et al.,
(Alkhodary et al., 2010) which was followed by 5 years of
follow-up, (Alkhodary, 2014) and also reported clinical success
of RGD coated human dental implants.

Taking into considerations the previous claims about the
use of laser grooving and RGD coating, we decided to conduct
this study using an experimental animal model. A drawback
with using rabbits as the animal model for the assessment of
implant materials was its size limitation; however, Wang,
(International Standard ISO 10993-6, 1994) Neyt, (Neyt
et al., 1998) and Liebschner (Liebschner, 2004) stated that rab-
bits are a very popular choice of species for the testing of
implant materials in bone.

At week 2 of the study, mechanical pullout testing revealed
that the laser-grooved and control rods were too weak to be
tested. In contrast, the laser micro-grooved/RGD coated rods
exhibited significantly better attachment to the bone. This find-
ing aligns with the reports of Benesch (Benesch et al., 2008)
and Schwartz (Schwartz et al., 2003) who emphasized the
importance of RGD in accelerating the healing process and
strengthening initial osseointegration.

At week 4, the laser micro-grooved rods demonstrated a
higher pull-out static modulus than the laser-grooved/RGD
coated group. This discrepancy prompted a closer examination
of the biology of osseointegration and bone—implant interface
mineralization. According to Mavrogenis (Mavrogenis et al.,
2009) and Joos, (Hansson, 1999) the initial mechanical attach-
ment of the implant to the surrounding bone is followed by a
remodeling stage, wherein the mechanical behavior of the
interface is deferred. In this context, the possible explanation
would be that the RGD coating initiated earlier attachment
to the surrounding bone by the second week, whereas the laser
grooving achieved this attachment by the third week. By the
fourth week, the RGD group might have entered the remodel-
ing stage, leading to inferior mechanical properties compared
to the laser group. This explanation was potentiated by the
findings of the sixth week, during which the RGD group
demonstrated a significantly higher pull-out static modulus
due to bone maturation, whereas the laser group, just entering
the remodeling stage, exhibited significantly weaker properties.

Throughout the study, the control group consistently dis-
played inferior mechanical behavior, validating the hypothesis
that laser grooving and RGD coating improve the process of
osseointegration. The superior mechanical performance of the
RGD coated rods highlights the role of such cell attachment bind-
ing proteins in developing a stronger bone—implant interface.

The success of the experimental animal study motivated
researchers to upgrade the work to a human clinical trial, fol-
lowing ethical principles of respect for persons, beneficence,
and justice for the participating human subjects. (Hansson,
1999; Marco et al., 2004; Steven et al., 2006; Jaasma et al., 2002).

The same surface treatment and coating used in the animal
study were to be used for human dental implants. Moreover, it
was necessary to study the dental implant design in order to
develop a macro-mechanical shape that, combined with the
surface treatment and coating, minimizes the stress shielding
phenomenon. Consequently, a completely new dental implant
was designed, manufactured, surface laser-grooved, and RGD
coated for use in this study.

5. Conclusion

Titanium possesses the necessary biocompatibility and
mechanical strength, with the only disadvantage being the
modulus mismatch with the bone, which calls for the develop-
ment of new strategies to minimize the stress shielding phe-
nomena and consequent stronger bone—implant interface.
Laser grooving improved peri-implant bone healing, whereas
RGD coating promoted earlier bone-implant adhesion and
improved mineralization.
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