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Abstract: The influence of commercially pure titanium (Cp Ti) coatings on the biocompatibility of dental implants using a
combination of chemical etching and physical vapor deposition methods were studied. The implants prepared and divided into three
groups: without modification (control), surface modified with Ti by thermal evaporation (thermally treated), and surfaces chemically
etched with H,SO, and H,0, before coating with Ti by thermal evaporation deposition (combination treated). For this in vitro
experiments, the surfaces characterized by scanning electron microscopy, X-ray diffraction, atomic force microscopy, thickness
measurements and microscopy examinations. While, for these in vivo investigations, the implants inserted into the tibia of New Zealand
rabbits. A biomechanical tests and histological analysis were performed to understand the bone-implant interface and torque resistance
of the implants. The results show that the average removal torque gradually increases and is highest in the combination treated group.
In addition, the histological analysis showed improved quality of bone in response to surface nano-modification; the combination

treated implants revealed a well-developed mature bone, characterized by bony threads and haversian canal.
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1. Introduction

The biocompatibility of dental implants is strongly
associated with interactions between the biomaterial surface
and osteoblasts [1]. In this vein, much research has been
conducted into how dental implants interact with bone and a
significant number of studies have been carried out to
investigate improvements of the bone/biomaterials interface
[2]. Titanium (Ti) is regularly used as an implant biomaterial
due to its mechanical properties and high in vitro and in
vivocytocompatibility, allowing direct bone-to-implant
contact [3]. In an attempt to increase the amount and quality
of the bone-implant interface, different surface treatments
have been explored, such as surface machining, acid etching,
electro polishing, anodic oxidation, sandblasting and
plasma-spraying. These methods induce chemical
modifications associated with alterations in surface
topography [4], which have been shown to significantly
affect the properties of the surface and subsequently the
biologic response that occur at the surface [5].

A variety of physical methods have been used to generate
bioactive nano-topographies on metal surfaces [6]. For
example, physical vapor deposition (PVD) has been applied
to create different nano-topographical coatings on Ti
surfaces, which have been used to evaluate the effects of
surface chemistry and topography on the cellular and/or
tissue response[7,8]. PVD processes include evaporation,
sputtering and ion plating. Evaporation is carried out under
vacuum (typically 0.1-1 Pa), allowing the evaporated atoms
to undergo a collision-free transport prior to condensation on
the substrate. While high vacuum thermal evaporation has
been used to deposit thin films of Ti-6Al-4V onto plates for
subsequent cell culture investigations [9].

In this study, four types of nano surface modification used as

follows: no surface modification, surface-modified using
thermal deposition method, and surface-modified using a
combination of chemical etching and thermal deposition
method.

2. Materials and Methods
2.1 Sample Preparation

CP Ti plates grade Il was used as the substrate for surface
modification investigations. These plates were cut from
sheets into small square pieces (16 x 17 x 0.25 mm; length,
width and thickness, respectively). Debris and contamination
were removed by ultrasonic cleaning in ethanol for 15 min,
followed by cleaning in distilled water for 10 min, before
drying the plates at room temperature. Then, these plates
were divided into four groups as follow: no surface
modification (mirror polished from the source; X), surface-
modified using thermal deposition method (X1), and
surface-modified using a combination of chemical etching
and thermal deposition method (X2).

In group X2, the plates were treated with equal volumes of
15N H,SO, and 30% aqueous H,0, for 4 h under continuous
agitation. After that, a vacuum thermal evaporation (Edward
Speed Vac unit E306, Germany) approach were applied to
coat the nano-Ti powder (Hongwu nanometer, China). nano-
Ti powder weighing 0.08% g-wt was used for obtaining a Ti
film with a thickness of 300 £ 30 nm. the weighed material
placed in a molybdenum boat. The distance between the
substrate and the boat was 9 ¢cm and the substrate was at
room temperature.

Ti plates placed on the aluminum substrate, while
simultaneously placing a glass slide to monitor the growth of
the film. After the rotary pump reached 10°mbar and
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diffusion reached 10° mbar, an electrical current passed
through the boat. Then the current gradually increased to
prevent the boat from breaking, until the boat reddened and
glowed upward to reach a high degree of sunshine. The
material began to evaporate at 75 V. At this point the voltage
was fixed to ensure that the evaporation and deposition
processes started with constant deposition rate equal to 87
nm/min. After that, the current supply switched off and left
the system under low pressure for an appropriate period in
order to remove excess heat caused by the evaporation
process. Then all the samples left in the system to cool,
admitting air into the chamber. After coating, the Ti plate
oxidized at 600°C for 1h, which was carried out in air in a
tubed furnace (Phoenix, USA).

2.2 Examination of nano-modified surfaces

X-ray phase analysis

Using X-ray diffraction (XRD), we examined the structure
of the control group (X), the thermally deposition coated
group (X1), and the combined chemical etching and thermal
deposition group (X2). Cu Ka target radiation was applied.
The 2 gangles were swept from 20 - 80° in 1° steps.

Optical microscopically examination

All the samples were examined using an optical microscope
(Nikon Eclipse ME 600L/441002, Japan) and a digital
camera (Type DXM 1200 F). This revealed the appearance
of the coated surface layer and thermally grown TiO,. We
analyzed the micrographs using the Nikon ACT software
Version 2.62, 2000.

Scanning electron microscopy(SEM) analysis

All groups were imaged using SEM (TESCAN VEGA 111,
Czech Republic). the device operated at 30.0 kV and
examined the surface of the thermally oxidized coated
samples at 600°C. the thickness of the coated layer was
measured by using cross sectional examination for X1 and
X2. also measured the 3D projection in the X1 sample and
rod-like structures in the X2 sample.

Surface roughness measurements

The roughnesses of all groups were examined using a
scanning probe microscope (AA3000 Angstrom Advanced
Inc., USA).

2.3 Implant preparation

CP Ti rods used to prepare the screws. Then 30 screws were
machined from CP Ti rods using a lathe machine with a
cutting head coated with titanium carbide. The length of the
screw was 8 mm (5 mm threaded and 3mm flat) and the
pitch height was 1 mm, and 3 mm in diameter. The screw
heads had a slit 1.5 mm deep and 1 mm wide, which was
used to fit the screwdriver and torque meter during insertion
and removal. These screws were thoroughly ultra-sonicated
in ethanol for 20 min to remove debris and contamination
and dried at room temperature. Out of the 30 screws, ten
screws was surface-modified using the chemical etching
method ban and raghdaa2005. Then these implants treated
with a solution consisting of 1:1 15 NH,SO, and 30%
aqueous H,O, for 4 h under continuous agitation. then the
implants washed with dH,O under continuous agitation for

15 min to eliminate acidic residues and dried the implants at
room temperature. After etching, we coated the ten implants
with Ti powder, following the same procedure performed on
the plates. These implants were placed on the substrate and
simultaneously placed a glass slide and Ti plate to acquire
measurements. The distance between the implants was 1.5
cm to allow the vapor to enter between them.

The remaining 20 implant were divided into two groups: the
first group contained ten control implants, which remained
as machined surfaces, while the second group contained ten
dental implants coated using the thermal evaporation
method. All screws were sterilized with a gamma irradiation
dose of 1000 rad (Gammacell 220) with a Cobalt-60 source.
The energy of the used radiation was 1.25 MeV. The dose
rate was 90.4 rad / min and the distance between the source
of radiation and dental implant was 80 cm. The total time
was 23, 49 min. all implants were keptin airtight plastic
sheets until operation.

2.4 Surgery

Ten adult male New Zealand white rabbits were used
weighing 1.75 - 2 kg. The animals were fed with standard
pellets and carrots. the rabbits left days in the same
environment for ten before surgical operation. Then a single
dose of 10 mg ivermectin subcutaneously injection
administered to ensure the animals were parasite free.

The rabbits were divided into two groups. In the first group,
eight animals were sacrificed for mechanical testing (torque
removal test). In the second group, we sacrificed two
animals for histological analysis. in the tibia , three implants
were placed: two implants (one control and one thermal
treated) in the right tibia and one implant (combination
treated) in the left tibia, consequently starting from the
medial to distal metaphysic for each animal. all instruments
were autoclaved at 121°C and 20 bars for 30 min before the
operation.

The required dose of anesthesia and antibiotic was
calculated by weighing each rabbit and anaesthetized the
rabbits using intramuscular injections of ketamine (25
mg/kg) and xylazine (17.5 mg/kg). Prior to surgery, 20%
lidocaine (1 cc / 1 cm) infiltrated into the tibia metaphase.
The operation was performed under sterile conditions and
gentle surgical technique. Before surgery, we shaved the
legs and disinfected the animals using a mixture of iodine
and 70% ethanol. We exposed the tibia metaphysics
separately by incision through the skin, fascia and
periosteum. We selected the flat surface on the anteromedial
aspects of the tibia for implant placement. We drilled under
continuous cooling with irrigated saline, making initial holes
of 1.8 mm in diameter and spacing them by 10 mm. We
enlarged the holes gradually using 2.2 to 2.6 mm drills,
rinsing the operation site with saline to remove debris. Using
a screwdriver, we placed the sterilized implants in the
prepared holes, and completed any final screwing with a
torque meter (approximately 10 N-cm) before checking the
implant for stability. We sutured using absorbable catgut,
which we then followed with skin sutures. We sprayed the
operation site with a local antibiotic (oxytetracycline spray)
and performed post-operative care by giving local and
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systemic oxytetracycline (20 mg/kg) for three days after
surgery. We monitored the rabbits daily for two weeks.

2.5 Mechanical testing (Torque test)

After a two-week healing period, we used a removal torque
meter and mechanically tested eight animals. We
anesthetized the animals with the same agent and dose
described in the implantation procedure. We made the
incision at the lateral side of the tibia, before reflecting the
muscles and fascia to expose the implants. We conducted
biomechanical testing by engaging the screwdriver of the
torque meter into the slit of the implant head to determine
the peak torque necessary to unscrew the implant from its
bed.

Two animals were used for histological testing and optical
microscope analysis. We injected the animals with an
overdose of anesthetic solution. We then cut the bone around
the implant using a low-speed hand piece and saline solution
for cooling. To prepare the bone-implant block for
histological analysis, we cut about 5 mm away from the
head of the implant and stored the bone-implant blocks
immediately in freshly prepared 10% buffered formalin.

3. Results

X-ray diffraction

Figure 1 shows X-ray diffraction patterns of all the sample
groups. The results reveal that untreated plates exhibit the
same diffraction pattern as the Ti coated plates, but with
increased intensity, owing to the X-ray penetration of Ti.
Thermally deposited Ti displayed reflection peaks at (100),
(002), (101), (102), (110), (103), and (112) around 26 = 35.1,
37.6, 40.2, 53.0, 70.3, 63.0, and 76.3, respectively. These are
characteristic Ti peaks presented in thermally oxidized
coated CP Ti samples, since Cu—Ka radiation penetrates to a
depth of 10 —20 um, much larger than the thickness of the
film. We also observed a reflection peak of (112) around 26
= 38.4, which we assigned to anatase TiO2. The combination
treated plate displayed the following reflection peaks: (100),
(101), (102), (110), (103), and (112) around 26 = 35.4, 39.7,
525, 63.0, 69.3, and 75.9, respectively, which are the
characteristic peak for Ti. We also noted reflection peaks of
(101), (111), (210), (211), and (220) around 26 =36.7, 40.4,
444, 54.0, and 57.0, respectively, which are the
characteristic peak of rutile TiO2. We also recorded
reflection peaks at (112), (004), and (213) around 26 = 38.2,
39.7, and 61.5, respectively, which are the characteristic
peaks of anatase TiO2.. Overall, we report an increase in
anatase and rutile TiO2 peaks in the X2 group compared
with the X1 group.
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Figure 1: X-ray diffraction patterns of untreated, chemically etched, thermal evaporation nano Ti coated after annealing at
600°C, combination treated using chemical and thermal methods

Optical microscopy observations

Figure 2 reveals microscopic observations for the Ti plate
coated by unoxidized thermal evaporation. We show that the
coating layer is homogenous without cracks. There are
scratches visible and the appearance is rough in nature,
which is due to the grinding process of plate. The absence of
cracks in the coating may suggest that there was no
shrinkage in the coating and indicate the homogeneity of the
coating layer. Figure 3 shows the coated plate thermally
oxidized at 600°C for 1 h, which exhibits a homogenous
coating layer, gray in color and without cracks.

w—

Figure 2: oate unoxidize plate
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Nano-surface features

Morphological analysis (SEM)

Figure 1.5 (a) shows parallel grooves on the untreated
plates, resulting from machining and polishing, with no
topographical features. Our SEM micrographs reveal that the
Ti samples coated by the thermal evaporation method
exhibited many irregular projections, and the surface
appeared rough without significant features, as

Figure 5 (c) shows the SEM micrographs for the
combination treated group. The image reveals nano-rod-type
structures on the surface, distributed in a hexagonal shape,
which may explain the role of etching in forming these
nano-rods. The 3D measurements of X1 coated plates are
shown in Figure 6 (a), which we measured as 280 x 431.3
nm height and depth, respectively. The 3D measurements of
the rod-like structure on the X2 plate are shown in Figure 6
(b), which we measured at 366.7 x 371.9 nm for the Y and
D axis, height and depth, respectively.

(A) Control

Thickness measurement by SEM

We measured the thickness of X1 and X2 using SEM with
cross section as shown in Figure 4 (a, b). The results reveal
that the thickness of the coated plate after oxidation was
2.80 pm and the thickness of combination treated plate was
1.67 pum, as shown in Figure 4 (b). This a marked decrease
in thickness of the coated layer in the combination treated
sample, which may be due to the coating material (nano-CP
Ti) entering the pits made by etching. Shown in Figure 5

(b).

Ak XKEB . DK Seann

(B) Nano CPTi powder coated by thermal evaporation
method

(C)Combination treated plate using etching and thermal
deposition method.
Figure 5: SEM for all tested groups
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Figure 6: 3D measurements for projection and rod like structure of X1 and X2 samples

Surface roughness analysis

AFM topographies of the Ti surfaces are shown in Figure 7
(a). We observed grooves of mechanical polishing on the
untreated surface with an average roughness of 7.37 nm. The
roughness of the Ti coated plate by thermal evaporation
method is shown in Figure 7 (b). The image reveals small
embedded nodules with an average roughness of 25.1 nm.
The same specimen after oxidation appeared with peaks and
projections with an average roughness increasing to 29.8
nm, as showed in Figure 7 (c). Before oxidation, due to the
particle size of Ti powder (40 nm), the roughness was in the
nano-scale. However, after oxidation, we noted an increase

(C) Thermally oxidized coated plate at 600 °C
Figure 7: AFM topographies of CPTi surfaces

Table 1: Roughness values obtained from AFM images of
various surface treated samples

Group Avg. Diameter | Roughness

of grainnm  |average nm
Control(untreated) 222.15 7.37
Nano Ti coating 94.92 25.1
Thermally oxidized coating 103.85 29.8
combination 1.27 27.7

in roughness as can be seen from the peaks that appear on
the surface. We report the diameter of the grains increased
with oxidation, which leads to an increase in surface
roughness, although not strictly linearly. This is in
agreement with Kaiyong et al. Meanwhile, the roughness of
the combination sample decreased compared with the
roughness caused by etching and oxidation, which could be
due to a decrease in the average diameter of the grain, as
shown in Figure 7 (d). Table 1 summarizes the surface
roughness and average grain diameters in our experiments.

(D)Combination treated plate

In vivo experiments

Clinical observations

All rabbits tolerated the implantation well after surgery and
moved normally within one week. One rabbit suffered from
tibia fracture and was replaced with another rabbit. At
sacrifice, we did not note any signs of gross infection, tissue
reaction or any other negative clinical observations around
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the implant sites in any of the animals. At the day of
sacrifice, we found all of the implants stable in the bone;
they could not be moved with manual force and there were
no detectable peri-implant bone defects at the coronal aspect
of any implant screw.

We chose the rabbit animal model for our in vivo
experiments, owing to its ease of manipulation and rapid
bone healing response compared to other models[11].The
tibia sites in the rabbit were chosen to mimic clinical
situation, because the dimensions of this bone correspond
well with human alveolar space. Moreover, surgically, this
model provides low morbidity with easy access to the
medial proximal tibia for implant placement. The
morphologic characteristics of the rabbit tibia allow for
implant fixture to engage the cortical bone at its coronal
aspect and marrow in the apical area[12].Primary stability is
considered a key factor for the clinical success of dental
implants, and is determined by the density of the bone at the
site, the surgical technique and the design of the implant
[13]. While, gradually increasing the size of drilling until
reaches the final diameter of 2.6 mm increases compression
and thereby the stability of the implant during insertion [14].

Mechanical testing

Table 2 and Figure 8 show removal torque values for the
control dental implants, surface implants modified using
thermal deposition, and surface implants modified using a
combination of chemical etching and thermal deposition. A

torgue value (N.Cm)

removale i

= Saries] 4B 875

12.82

higher torque value was needed to remove the combination
treated screw (mean value of 51.250 N-cm) and the lowest
torque value was needed to remove the control (machined
screw; mean value of 12.625 N-cm).

Table 2: Removal torque mean values for all groups after 2
weeks

Sample df| S.S M.S F-cal. | P-value
Between Groups | 2 [7157.583| 3578.792
Within Groups | 21 |436.250| 20.774 |172.274| 0.000
Total 23 [7593.833 -- -- --

P-value: Highly significant.

Table 3 shows the equality of means between all groups of
implants, which demonstrate significant differences at P <
0.01 with two degrees of freedom (tested by ANOVA). In
particular, the table shows highly significant differences in
torque mean value among all tested groups. Figure 8 shows
a significant difference (Duncan's test) of torque mean
values among different groups after the two weeks healing
period, while no significant differences are noted between
the thermal and combination group.

Table 3: Equality of means of removal torque value by
ANOVA for all groups

Group (Treatment) | N | Mean £ SD (N.cm) | Range
Control 8 12.625 £ 0.517 12-13
Thermal 8 46.875 +5.938 40-55

Combination 8 51.250 + 5.175 40-55

2 1

o
o

.
=

Different letter in columns are significant difference
Similar letter in columns are none significant difference, Level of sig. ** (P<0.05).
Figure 8: Bar histogram for all tested groups after 2weeks Interval

Histological analysis

Figure 9 (a, b) shows the trabecular bone in the X1 and X2
treated groups. Osteoblast and osteocyte are shown in
Figure 9 (c, d). In particular, the bone trabeculae for the X2
treated implants are thick, as demonstrated in Fig 9 (d). We
noted late stage development of the haversian system,
formed with arranged osteocytes around the central canal, as
shown in Figure 9 (e).

In this study, we chose histological analysis, since it is the
method of highest reliability to evaluate implant stability and
can be performed at any time of the implantation, as stated
by Atsumi et al in 2007[14]. Our histological analysis for all

groups revealed new bone trabeculae formation with active
osteoblasts and osteocytes on the borders. Furthermore, we
did not observe any inflammatory reaction in our
experimental periods, regardless of the type of implant and
the duration of the implantation. This is in agreement with
the results of Mano et al., in 2002[15].
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Figure 9 (a): View for trabeculated threads for(
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Figure 9 (b): View for histological section of combination
modified dental implant(X2) shows well developed boney

threads
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Figure 9 (d): well de\7eloped thick bone trabeculae
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Figure 9 (e): Magnifying view for previous fig shows
Haversian canal (HC), Osteoblast (arrow), osteocyte (arrow
head) H&Ex 40
Figure 9: Histological view of all tested group

4. Discussions

Since the anatomic surface of bone cannot be controlled,
surface topography of an implant can be designed by making
porous and/or by coating the implant surface with other
suitable materials to increase bone implant contact [17].The
application of nanotechnology to biomedical surfaces is
explained by the ability of cells to interact with nano-metric
features. Improvement of the bone forming activity at the
bone-implant interface is committed to nanoscale features
that have the ability to induce the differentiation of stem
cells along the osteogenic pathway [16]. The X1-treated
dental implants showed higher removal torque values than
the X group. This is due to impacting the external crystal
phase of the implant Ti core material (rutile, anatase and
amorphous) to create a Ti film.

Our results highlight that the nanoscale topography created
with anatase Ti promoted the best in vitroeffects in terms of
cell adhesion, proliferation and differentiation [18]. Our
XRD results demonstrated that the Ti coated by thermal
deposition had a high intensity peak, corresponding to
anatase TiO,. The X2 treated dental implant showed more
anatase and rutile TiO, than the X1 treated dental implants.
This is in agreement with Sul et al. 2005[19], who showed
several microarc oxidized implant surfaces exhibited
different  crystal  structures  (amorphous, anatase,
anatase/rutile mixture) in the rabbit tibia model. Both
anatase and anatase/rutile surfaces exhibited better torque
resistance compared with amorphous surfaces. Moreover,
anatase or rutile surfaces showed better cellular responses,
such as increased adhesion, proliferation expression of
osteoblastic markers (procollagen typel peptide, osteocalcin
and alkaline phosphatase).

The trabecular threads have been seen in both X1 and X2
treated groups. The bone trabeculae were thick for the
combination treated implant compared with the other
groups. This is due to the surface roughness, which is of
great importance in stimulating bone production and
forming nano-rods. Also, our histological microphotographs
showed late stage development of future compact bone had
already formed with arranged osteocytes around the central
canal, which may be due to the presence of anatase and
rutile Ti as well as increased surface roughness.
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5. Conclusion

PVD method can be considered as a suitable method for
obtaining nano-feature morphology and statically significant
high removal torque mean value. We hypothesize that rapid
bone formation in response to the combination treated nano-
Ti dental implants are dependent on better biocompatibility
of the material and on surface topography, which greatly
affects the histological and biomechanical properties of the
interface.
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