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Abstract

Background: Using titanium alloy with gallium and silicon could speed up the process of osseointegration, which would
mean that titanium-silicon-gallium alloy could be used in more therapeutic situations. Objective: To evaluate the
osseointegration and histological features of a newly fabricated Ti-Si-Ga alloy implant. Methods: Samples were fabricated
utilizing the powder metallurgy technique. The titanium matrix was augmented with alloying components. The composite
materials were produced by the compaction process at a pressure of 900 MPa, followed by sintering at a temperature of
800°C. For the in vivo test, ninety cylindrical specimens (3x6 mm in diameter and height, respectively) were prepared by
using a wire-cut machine to cut the mentioned measurements from a sintered cylinder (15 mm in diameter and 6 mm in
height) (6 cylinders for each group). Results: The Ti-Si-Ga group showed the highest bone formation area and higher
push-out values than the commercially pure Ti and Ti-Si groups in this study. Conclusion: The use of gallium as an
alloying element improved osseointegration.
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INTRODUCTION

Over the last decade, implantology has seen significant
advancements, becoming an integral aspect of
traditional dentistry. This field has played a pivotal role
in enhancing the overall well-being of several patient
populations. There has been a lot of research and
development into implants because there are more
people who need them. This has led to fast technological
progress, big changes in implant design, materials, and
parts, and easier treatment delivery at all stages [1].
Factors relating to a material's mechanical properties,
chemical properties, and biocompatibility all play a role
in the selection of dental implants. Regardless of the
particular function and application of dental implants, it
is crucial that the materials used exhibit excellent
resistance to corrosion, biocompatibility, and the
absence of any detrimental chemicals [2]. Peri-
implantitis is identified as the prevailing etiological
factor contributing to the failure of titanium implants in
the medium and long term. Peri-implantitis is a
pathological disease that manifests in the peri-implant
tissues, marked by inflammation in the peri-implant
mucosa and consequent gradual degradation of the
underlying bone structure [3]. Furthermore, there are
other issues that may arise, including fractures, titanium
allergy, and corrosion [4-7]. Titanium has the capacity
to produce alloys with other elements, which may be
used to modify its characteristics. This includes
enhancing its strength, performance at high
temperatures, resistance to deformation under constant
stress, ability to be welded, and malleability [8]. The
element Si has been included in many commercial alloys
as a means to enhance the resistance of Ti to creep and
oxidation when exposed to high temperatures [9]. The
potential substitution of Ti-6Al-4V alloy with Ti-Si
alloys in the area of implant materials has been
investigated, mostly owing to the superior
biocompatibility of Si and its comparably low toxicity
when compared to other alloy elements such as Al, Cr,
V, Ni, and others [10-14]. Gallium (Ga) is an element
that exhibits several biological functions, including
immunosuppressive  qualities,  tumor  imaging
capabilities, anticancer activity, antibacterial effects,
anti-inflammatory  effects, and prevention of
osteoclastogenesis [15]. It has been shown that Ga ions
have the capability to substitute iron (Fe) in Fe-
dependent redox processes that occur during DNA
synthesis in bacteria, ultimately leading to the demise of
the bacterial cells [16]. Furthermore, gallium (Ga) has
been shown to accelerate the proliferation of osteoblasts,
suppress bone resorption, stimulate collagen production,
and enhance the creation of bone tissue [17-19]. The
aforementioned properties render Ga a suitable
therapeutic agent for dental implant modifications
aimed at improving osseointegration and augmenting its
antibacterial efficiency. The primary objective of this
study is to investigate the impact of gallium (Ga)
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additions on the osseointegration of Ti-Si alloys and
pure titanium by preparing Ga-containing Ti alloys.

METHODS
Alloys synthesis and processing

The metals used as initial substances for the synthesis of
the alloys in this investigation consisted of titanium
powder with a purity of 98.5% (Fluka, Switzerland),
silicon powder with a purity of 95% (Merck, Germany),
and gallium metal with a purity of 99.5% (Thomas
Baker Chemicals, India). The average particle size of
pure titanium powder was determined to be less than or
equal to 6.5755 micrometers, whereas the average
particle size of silicon powder was discovered to be less
than or equal to 2.457 micrometers. The weights that
have been predetermined to be used in the study are: 1)
70% Ti + 30% Si; 2) 70% Ti + 15% Si + 15% Ga; and
3) 100% Ti. The sample preparation procedure
commenced with the determination of the necessary
material quantities based on specified ratios.
Subsequently, titanium (Ti) powders were combined
with gallium (Ga) metal, and the resulting mixture was
subjected to titration. This involved placing the mixture
in a plastic container within an amalgamator, which was
operated at a speed of 4,800 revolutions per minute
(rpm) for a duration of 90 seconds. Following this step,
the container was transferred to a heat-preserving box
and maintained at a temperature of approximately 32°C
for a period of 24 hours. On the subsequent day, the
predetermined amount of silicon (Si) powder was added
to the container. In the case of Ti-Si samples, the mixture
of the pre-weighed powders underwent titration
exclusively. The powders were mixed for a duration of
10 minutes using a ceramic grinder manufactured by
CAPCO in the United Kingdom, with a rotational speed
set at 110 revolutions per minute (rpm). Following this
procedure, the mixture was prepared for compaction and
pressing. A locally fabricated metal mold was used for
the purposes of this investigation. The mold used in this
study was constructed using a rigid steel material. It had
four distinct components, namely the die, base, punch,
and ejector base (Figure 1). The die used in the
experiment was a hollow, cylindrical die made of
hardened steel. It had a height of 75 mm, an inner
diameter of 15 mm, and an exterior diameter of 26 mm.
The base consisted of a stainless-steel disc measuring 13
mm in height and 21 mm in diameter. Positioned in the
center of the base was a short, solid rod with dimensions
of 14.95 mm in height and 6 mm in diameter. This rod
was put into the canal of the die when placed on the base.
The punch used in the experiment was constructed using
a solid rod of hardened steel with the following
dimensions: a height of 114 mm and a diameter of 14.95
mm. The aforementioned punch was used in the process
of compacting alloy powder inside a die, as well as
facilitating the ejection of the resulting specimen from



Al-Shaikhly & Abdul-Baqi

said die. In order to generate a cylindrical sample with a
diameter of 15 mm, the height of which is determined
by the weight of the added mixture, it was observed that
samples with a thickness of 6 mm were generated using
4 grams of the mixture. The weighted quantity was put
into the die using a glass funnel. Graphene powder from
Shaanxi Greenyo Biotech in China was used as a
lubricant due to its ability to simplify the insertion and
withdrawal of the punch. The punch was introduced into
the die, and afterwards, the mould was positioned onto
the tray of the hydraulic press manufactured by MEGA
in Spain (Figure 1).

Figure 1: (Left) Mold used in the study (A: The punch, B: The
die, C: The base, D: the ejector base) (Middle) hydraulic press
(MEGA, Spain) (Right) sample preparation using wire-cut
machine.

A pressure of 900 MPa was deemed appropriate for the
compression process, accompanied by a holding
duration of 6 minutes. The specimens underwent a
sintering process within a vacuum furnace, utilizing a
quartz tube, and in an argon environment. Step sintering
was employed, involving three distinct temperature
stages: 250°C with a holding time of 30 minutes, 500°C
with a holding time of 30 minutes, and finally 800°C
with a holding time of 240 minutes. The heating and
cooling rate was set at 10°C/min. Subsequently, the
specimens were left within the furnace, maintaining an
inert atmosphere, while being cooled to room
temperature. While for titanium samples, the sintering
cycle was 1000 °C for 3 hours at 10°C/min heating and
coaling rate [20]. The sintered composites underwent a
grinding process using silicon carbide (SiC) paper,
beginning with a gradual progression from 800 to 2000
grit while being cooled with a flow of water.
Subsequently, the composites were subjected to
ultrasonic cleaning using a 99.5% acetone bath
(specifically, Bio-wash from Bio Art) for a duration of
15 minutes. Following this, the finished samples were
washed with 99.9% ethanol and subsequently dried in an
electric oven at a temperature of 120°C for a duration of
10 minutes, as described in [21].
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Implant samples preparation

Ninety cylindrical specimens were prepared (3x6 mm
diameter and height, respectively) by using a wire-cut
machine to cut the mentioned measurements from a
sintered cylinder (15 mm x 6 mm) (10 cylinders for each
group), as shown in Figure 1. The sintered cylinders
were categorized into 3 groups: the first group was
commercially pure Ti; the second group was 70% Ti—
30% Si; and the final group was 70% Ti—15% Si—15%
Ga. Then each group was subdivided into two other
subgroups for two intervals of implant time, one for two
weeks and the other for a six-week interval. Five
samples from each subgroup were used for histological
and histomorphometrical studies, while the other 10
samples were used for a push-out test to measure the
adherence force of bone to implant. All samples were
finished, polished, and ultrasonically cleaned by the
acetone path, then washed with ethanol and dried as
mentioned previously. The specimens were sterilized
using a double vacuum autoclave (22) Class B, which
began the operation with three cycles of vacuum and
then pressure, which continued for about 48 minutes,
after which sterilization began at a temperature of
134.5°C for 3.5 minutes, followed by drying for 15
minutes until the time of the procedure.

Determination of microstructural phases

X-ray diffraction (XRD) was used to evaluate the
microstructural phases present in the Ti-Si and Ti-Si-Ga
alloys. The phases of the sintered samples were analyzed
using an automated X-ray diffractometer in combination
with Cu-K radiation (A= 1.5406 A). The experiment was
conducted with a current of 40 milliamperes (mA) and a
voltage of 40 kilovolts (kV). The diffraction patterns
were recorded at the laboratory's ambient temperature,
with a 10-second interval between each angular step.
Each angular step corresponds to an increment of 0.02
degrees. The process of peak indexing was conducted
following the guidelines set out by the Joint Committee
on Powder Diffraction Standards (JCPDS) of the
International Centre for Diffraction Data.

Animals study design

The animal study was approved by the Research Ethics
Committee of the College of Dentistry/University of
Baghdad according to the ethical acceptance of project
no. 740222 on 1/12/2022. Thirty healthy adult white
male New Zealand rabbits weighing about 2.5 kg and
aged 10-12 months were employed as experimental
animals. The rabbits were housed in private animal
houses in special animal cages for at least two weeks
before surgical operation in the same standard
environment in the cages where they could freely access
clean water and were fed a mixture of standard pellets,
fresh vegetables, and green grass [23]. The procedures



Al-Shaikhly & Abdul-Baqi

were carried out at the Al-Dyhaa Center for Agricultural
and Veterinary Services, Al-Jadreah, Baghdad. The
experimental rabbits were separated into two major
groups (2 and 6 weeks) based on the healing interval,
with each main group consisting of fifteen animals. Five
animals were euthanized for histology examination,
while the remaining ten were sacrificed for mechanical
testing via a push-out bond strength test. Two implants
were placed in the proximal third of the lateral side of
the femoral bone: the hole close to the femur head
received an implant made of 70% Ti-30% Si as well as
another implant made of 70% Ti-15% Si-15% Ga about
1.0 cm from the first hole. The left femur bone received
one hole for the titanium control group. The
implantation procedure was carried out in both femurs,
from the mesial bone side to the distal bone side.

Surgical procedure

Using scalpel no. 23, we made a 3cm incision into the
skin and subcutaneous tissue. A hole 3 mm wide and
around 5 mm deep was created with a handpiece bur for
dental implants utilizing an angled surgical handpiece
(2:5) (800 rpm), and torque was 35 N. cm installed on a
prosthetic engine and profuse saline irrigation coolant.
One hole was drilled into the control group's left femur
bone for the CP Ti implants. The right side received two
holes, with the hole closest to the femur head receiving
the 70% Ti-30% Si implant test group and the second
hole receiving the 70% Ti-15% Si-15% Ga implant test
group approximately one centimeter away. There was
around 1mm of the implant protruding from the bone
when the specimens were carefully tapped into the
holes. Both the control and experimental implants were
placed in separate plastic bags and autoclaved for 50
minutes at 134 degrees Celsius. After that, a 2/0
absorbable suture was used to sew the muscles and
fascia, and a 3/0 silk suture was used to stitch the skin.

Euthanization of the animals

Each healing interval ended with the subcutaneous
administration of 2 ml of ketamine at a dosage of 20
mg/ml/kg BW to sacrifice the rabbits from each group.
Left and right femurs with implant specimens were
exposed, and all the flesh was removed with a diamond
disc mounted on a surgical handpiece. The implanted
regions were divided into tiny block samples. The
fifteen rabbits were separated into ten rabbits for the
push-out test and five rabbits for the histological
analysis.

Push out test

The anesthetic solutions, equipment, and materials used
in the implantation technique were also used in this step.
Ten rabbits were euthanized on the same day for a push-
out failure test using a universal testing machine with a
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2000 N load at a rate of 1 mm/min and a 3 mm-diameter
working head. According to the manufacturer's
instructions, powder and liquid self-curing acrylic resin
had been mixed. To facilitate the push-out test, the
femur was imbedded in a dough mixture of self-curing
acrylic resin at the bone's base and on its sides. The
acrylic block had been left to cure at ambient
temperature. A hole was made at the acrylic base with
bone below the implanted specimen at least 3.5 mm in
diameter to record the pure shear force required between
the implant and bone, as shown in [24]. The highest
failure load was measured in Newton (N), and the shear
stress was calculated by dividing the applied force by
the circumferential area of the cylindrical implant
specimen, which served as the contact area. The
circumference of the implant had increased in
proportion to its height.

Histological study

A prosthetic engine with a straight hand piece (strong
90, Korea) used a disc cutter to incise the bone
surrounding the implant while using regular saline for
irrigation. The bone-implant block was acquired by a
cutting procedure performed about 0.5 cm from the
screw of the implant. The blocks underwent fixation by
being immersed in a 10% formalin solution for a
minimum duration of three days. Following the
completion of slide preparation, a light microscope
(Pro.Way, China) was used to capture photos of the
sections at magnifications of 4, 10, and 40.

Histomorphometric analysis

Histomorphometric findings were examined by means
of a light microscope. The photos were taken with a
Canon 6DMkIlI camera by using the AmScope
microscope adapter for a Canon DSLR. Calibration was
first done using a microscope calibration slide and
software application (ImageJ) [25]. For measuring the
new bone formation area (NBFA), images at
magnification 10X were opened using the ImageJ
application, then the free hand selection tool was used to
outline the required area, followed by selecting measure
from the Analyze drop-down menu (or pressing
command-m on mac) to get the measurement. Two
(10X) pictures were taken for each side of the slide, as it
was not possible to include all the new bone formation
area in one (10X) image. The area measured by both
images was added to calculate the NBFA.

Statistical analysis

The suitable statistical methods were used in order to
analyze and assess the results using GraphPad PRISM
version 9. The descriptive statistics include a summary
statistic of the reading distribution (mean, SD,
minimum, and maximum) and a bar chart for graphical
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presentation. Shapiro-Wilk test to test the normality of
the distribution of quantitative variables among groups.
T-test to find the difference in the mean between two
groups. The analysis of variance (ANOVA) method was
used to assess the equality of means. In the process of
making comparisons, a p-value of less than 0.05 was
considered statistically significant. The Tukey post hoc
test was used in this research to explore differences
between multiple group means.

RESULTS

The XRD patterns of the control Ti-Si specimen are
demonstrated in Figure 2A. The strongest peaks pattern
at 28.6754, 39.9986, and 47.4220 correspond with the
intensity counts 1519, 258, and 197, respectively. The
data were indexed according to the Powder Diffraction
Files (PDF) for Ti5Si4 (JCPDS-ICDD file # 27-0907),
a-TiSi2 (JCPDS-ICDD file # 35-0785), and TiSi2
(JCPDS-ICDD file # 10-0225). The XRD patterns of the
Ti-Si-Ga specimen are demonstrated in Figure 2B.

TisSia
A
a-TiSiz
TiSiz
GasTia
GasTis B
TisGaas(x)
a-TiSiz2

Figure 2: X-Ray Diffraction results (XRD), (A) Ti-Si
samples, and (B) Ti-Si-Ga samples.
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The strongest peaks pattern at 28.6510, 47.5180,
40.2207, and 39.4372 correspond with the intensity
counts 295, 165, 93, and 83, respectively. The data were
indexed according to the Powder Diffraction Files
(PDF) for Ga5Ti3 (JCPDS-ICDD file # 42-0811),
Ga5Ti3 (JCPDS-ICDD file # 42-0811), Ti5Ga4
(JCPDS-ICDD file # 16-0139), and o-TiSi2 (JCPDS-
ICDD file # 35-0785). Shear bond strength mean values
for different groups of CPTi, Ti-Si, and Ti-Si-Ga
implants after 2 and 6 weeks of implantation were
summarized in Figure 3.

400 -

166.74

Shear bond (N/Cm2)

139.26

6 Weeks I

I I 2 Weeksl I

Figure 3: Shear bond strength mean values of all test groups
at 2 time intervals (2 weeks and 6 weeks).

In the results of the present study, the shear bond
strength mean values at 2 weeks after implantation
showed that the Ti-Si-Ga implants had the highest mean
value, followed by the CpTi implants, while the Ti-Si
implants had the lowest mean value. At 6 weeks after
implantation, the results showed that the Ti-Si-Ga
implants had the highest mean value, followed by the
CpTi implants, while the Ti-Si implants had the lowest
mean value. The shear bond strength means values of
the test groups (Ti-Si, CpTi, and Ti-Si-Ga) implant had
been measured with the paired t-test to show the
significant difference between each group after 2 and 6
weeks. As summarized in Table 1, there was a
significant increase in the adhesion strength of all
groups from the 2- to 6-week healing period.

Table 1: Shear bond (N/cm2) values comparison of each group (Ti-Si, CpTi, and Ti-Si-Ga) at 2 and 6 weeks

Shapiro-Wilk test

(N/cm?)

Materials N - 5 Time (wk) mean+SD t-test p
- 10 0.9484 0.6491 2 156.75.34
Ti-Si-Ga 10 0.9680 08714 6 328.0+4.62 102.7 <0.0001
o 10 0.9466 0.6285 2 76.66+3.28
Ti-Si 10 0.8747 01132 6 149447 51 2291 <0.0001
CoTi 10 0.8747 0.1135 2 139.3+4.7 116.6 <0.0001
P 10 0.9173 0.3353 6 279.4+2.58

The shear bond strength comparison among tested
groups at each time interval (2, 6 weeks) is shown in
Table 2. ANOVA with the post hoc Tukey test showed
a highly significant difference between every two tested
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groups and also revealed a statistically highly significant
difference between the CpTi group and Ti-Si-Ga and the
CpTi group and Ti-Si and Ti-Si-Ga groups and Ti-Si
after 2 and 6 weeks of implantation in rabbits.
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Table 2: Shear bond strength comparison among groups (Ti-Si, CpTi, and Ti-Si-Ga) at each interval (2 and 6weeks)

. . p Tukey's multiple
Time Material N meanSD (ANOVA) comparisons test P
Ti-Si-Ga 10 156.7+5.34 Ti-Si-Ga vs. Ti-Si <0.0001
F=867.6
2 Weeks Ti-Si 10 76.66+3.28 Ti-Si-Ga vs. CpTi <0.0001
p<0.0001
CpTi 10 139.3+4.70 Ti-Si vs. CpTlI <0.0001
Ti-Si-Ga 10 328.0+4.62 Ti-Si-Ga vs. Ti-Si <0.0001
6 Weeks Ti-Si F=3031 i-Si i
10 Ti-Si-Ga vs. CpTi
149.4+7.51 p<0.0001 p <0.0001
CpTi 10 279 442 58 Ti-Si vs. CpTlI <0.0001

After 2 weeks of implantation of pure titanium, the
photomicrograph showed implant space surrounded by
native bone with the formation of new woven bone at
the margin of the native bone, separated by a reversal
line (black arrow) (Figure 4 A and B). The new bone
formation at the implant side had numerous active
bumps. Osteoblasts (OB) were arranged at the periphery
of the bone in a row, and there were very few osteoclasts
(OCL), while osteocytes (OCT) were embedded in
lacunae trabeculae (Figure 4).

Figure 4: Photomicrograph of H and E stained tissue at 2
weeks, Implant space (IS), Bone marrow (BM), Woven bone
(WB), Old bone (OB), Trabecular bone (BT). (A) (4 X) cross
section of CpTi; (B) (40X) cross section of CpTi; (C) (10 X)
cross section of Ti-Si. (D) (10X) cross section of Ti-Si-Ga.

A similar histological picture was seen in the other
groups (Figures 4C and D). The histological feature after
6 weeks demonstrates that all implant specimens reveal
the presence of mature bone surrounding the implant
with numerous osteons (Haversian system), which
manifest with osteocytes embedded in lacunar arranged
in a circular pattern around the Haversian canal (central
canal) (Figure 5). As shown in Table 3, it compares the
new bone formation among groups after a 6-week
healing interval. It was noted that the highest new bone
area mean value was in the Ti-Si-Ga group, followed by
CpTi, and finally, the Ti-Si group was 0.5656 mm?,
0.4422 mm?, and 0.2968 mm?, respectively.

Figure 5: Photomicrograph of H and E stained tissue at 6
weeks Implant space (IS), New Bone Formation (NBF), Old
bone (OB), reversal line (yellow and black arrow). A) (10X)
cross section of CpTi; B) (10X) cross section of Ti-Si; C)
(10X) cross section of Ti-Si-Ga.
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Table 3: Comparison of New bone area among groups (CpTi, Ti-Si, and Ti-Si-Ga) at 6 weeks

‘ : _— “F 2 p Tukey's
Time Material N Descriptive statistic (mm?) mean+SD ANOVA test p
Ti-Si-Ga 5 0.566+0.038 Ti-Si-Ga vs. Ti-Si <0.0001
6 Weeks . F=39.07 A .
Ti-Si 5 0.297+0.060 p<0.0001 Ti-Si-Ga vs. CpTi 0.0011
CpTi 5 0.442+0.094 Ti-Si vs. CpTI 0.0002
DISCUSSION bone implant bond strength of Ti-Si-Ga implant

Titanium (Ti) and its alloys are extensively used in
contemporary medical applications such as bone
fixators, artificial joints, dental implants, and several
other areas. Since the 1960s, CpTi has been used with
success in dental implant procedures, and its
biocompatibility with hard tissues is generally
acknowledged [26]. It is very important for dental
implants to integrate with the bone and soft tissues in the
trans-mucosal area and for osseointegration to happen
between the bone and implant. This is especially
important for people who already have health problems.
The typical smooth and bio-inert titanium-based
implants have a lower level of STI quality compared to
native tissue, namely teeth [27]. The present study
design is to enhance the Ti alloy (Ti-Si) biocompatibility
and osseointegration through the addition of gallium
(Ga) due to multiple studies stating the beneficial effects
of Ga, including enhanced osteoblast growth, inhibited
bone resorption, promoted collagen synthesis, and
improved bone tissue formation [17,18,28]. X-ray
diffraction (XRD) patterns of Ti-Si and Ti-Si-Ga after
the sintering process showed that the sintering cycle
(step sintering was used, the temperatures used were 250
°C holding time for 30 minutes, 500 °C holding time for
30 minutes, and finally 800 °C holding time for 240
minutes at 10°C/min heating and coaling rate, then the
specimens were left in the furnace in an inert atmosphere
inside the furnace, with flow of argon gas for cooling to
the room temperature) was suitable to produce Ti-Si
intermetallic compounds Ti5Si4 at 28.67°, a-(TiSi2) at
39.9°, and TiSi2 at 47.422°without unwanted or
impurities phases nor pure metal, this result is in
agreement with [29]. For Ti-Si-Ga samples, the XRD
patterns revealed the formation of the following
intermetallic phases: Ga5Ti3 at 28.5°, a (Ti5Ga4) at
40.153°, and Ga5Ti3 at 47.39°. The Ga became highly
evident in the a-Ti phase, with little shifting of the a-
(TiSi2) peak due to the addition of Ga and the formation
of a (Ti5Ga4). All diffractograms show reflections
belonging only to the a-phase. This is mainly due to the
fact that gallium (Ga) acts as an a-stabilizing solute,
leading to an elevation in the allotropic transition
temperature of titanium (Ti) from the o phase
(hexagonal close-packed) to the B phase (body-centered
cubic) upon Ga dissolution in Ti [30]. In this study, the
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specimens was evaluated and compared with Ti-Si and
CpTi implant specimens. The force needed to push the
implant specimens out was measured after 2 and 6
weeks of implantation in the rabbit femur. The results
indicate that all groups that were tested exhibited a
significant enhancement in shear strength after a six-
week period in comparison to a two-week duration. The
observed outcomes may be attributed to the typical
sequential process of bone repair, assuming the use of a
biocompatible implanted substance. According to the
literature study, it was observed that after a period of two
weeks, rabbits exhibited a significant bony defect. This
defect was characterized by a substantial presence of
marrow tissue containing woven bone, which
subsequently underwent replacement by lamellar bone
and the formation of freshly developed trabeculae [31-
33]. Therefore, this particular bone type exhibits a
limited connection with the implanted materials, leading
to a diminished capacity to withstand applied loads and
an increased susceptibility to bond failure. At the
conclusion of the sixth week, there was a notable
increase in shear strength as compared to the two-week
period, which may be attributed to the development of
dense and mature bone formation. This finding is
consistent with [34], who posited the notion that the
conversion of freshly developed woven bone into a
lamellar structure begins throughout the period spanning
from day 9 to 6 weeks in rabbits' bone fractures. [35]
reported that the development of dense bone, while
incomplete, occurs within a six-week timeframe in the
radius bone defect of rabbits. The bond failure values
were higher for the Ti-Si-Ga group after two and six
weeks. Recent research has demonstrated the potential
osseointegration effect of Ga ions in increasing
numbers. Li et al. (2016) and Wang et al. (2021)
discovered that Ga ions stimulate in vitro osteoblast
differentiation [36,37]. Gémez-Cerezo et al. (2018)
developed a bioactive glass containing Ga and proposed
that Ga ions can promote osteogenic differentiation at an
early stage [38]. Recently, another in vivo study by Li et
al. (2023) showed that the rat intramedullary nail model
also demonstrated the superior osseointegration effect of
the Ti-Ga alloy [39]. The Ti-Si group has the lowest
value of shear bond when compared to the other groups.
This may be due to the formation of a Si-rich layer
between bone and implant. It is thought that the Si layer
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is a vitreous silica-like gel. The Si layer may be a weak
zone for bonding between bone and the implant in early-
term implantation [40]. At two weeks, the histological
image of the tested groups showed new bone formation
in the areas adjacent to the implant surfaces, with
extensive areas of bone marrow containing woven bone
in contact with the implant surface. A Haversian system
is formed by the arrangement of osteocytes in a
concentric fashion at the six-week mark of bone
regeneration and maturation. These findings were
consistent with [41,42]. The Ti-Si-Sioup showed mature
new bone, but the measured area of bone formation was
less than that of the CpTi group and the Ti-Si-Ga group
at both time intervals. This may be attributed to the Si-
rich layer between bone and implant, as mentioned
before being a week point [40]. Also, the silicides are
very hard but have brittle phases [43, 44], which are
found in the Ti-Si group, as was shown in the XRD test
of this group. This brittle phase (silicides) may have
caused micro cracks and fractures during the insertion of
the implant, which may have affected the implant
stability. One of the requirements for successful
osseointegration of dental implants is the achievement
and maintenance of optimal implant stability [45]. The
primary instability of implants with a micromotion
greater than 100 to 150 um has been shown to negatively
impact osseointegration [46]. Ti-Si-Ga exhibited
bioactive behavior promoting bone formation because
the inclusion of Ga compounds has enhanced the effect
on the activity of osteoblasts, which play an essential
role in bone remodeling [47]. Verron et al. (2012) stated
that gallium's effects on bone regeneration can be
broken down into four parts: 1) inhibiting expression of
genes like the osteocalcin gene and the NFATc1 gene;
2) decreasing the secretion of enzymes like MMP13; 3)
disrupting calcium balance through the TRPV-5A
channel; and 4) making hydroxyapatite crystallize more
and making minerals less soluble [28]. Osteocalcin is a
bone matrix protein that only osteoblasts make; it can
cause osteoclasts to break down bone [48]. It was found
that gallium turned down the expression of the Nfatcl
gene and was important for RANKL-induced osteoclast
differentiation. Matrix metalloproteinase (MMP13),
also known as collagenase 3, is a major enzyme that
breaks down the matrix and resorbs bones. Notably,
gallium could stop collagenase-3 from doing its job.
TRPV-5A is a calcium channel that is highly expressed
in osteoclasts and involved in intracellular calcium
homeostasis [28].

Study limitations

The study has a few limitations, such as the difficulty of
dealing with a new material that lacks its standard
parameters, the fact that push-out mechanical testing is
a destructive method, and time constraints.

254

Effect of Ti-Si-Ga alloy on osseointegration

Conclusion

The results indicated good osteointegration in the Ti-Si-
Ga and CpTi control groups, which was better than the
Ti-Si group at 6 weeks. Histological pictures revealed
that Ti-Si-Ga and Ti-Si have good bone formation that
is comparable to the CpTi control group. The Ti-Si-Ga-
Si-Ga had good osteointegration and new bone
formation in vivo, making these materials promising as
dental implants.
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