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Abstract

Background: Alumina-titanium (Al2O3-Ti) biocomposites have been recently developed with improved mechanical
properties for use in heavily loaded orthopedic sites. Their biological performance, however, has not been
investigated yet.

Methods: The aim of the present study was to evaluate the in vivo biological interaction of Al2O3-Ti. Spark plasma
sintering (SPS) was used to fabricate Al2O3-Ti composites with 25 vol.%, 50 vol.%, and 75 vol.% Ti content. Pure
alumina and titanium were also fabricated by the same procedure for comparison. The fabricated composite disks
were cut into small bars and implanted into medullary canals of rat femurs. The histological analysis and scanning
electron microscopy (SEM) observation were carried out to determine the bone formation ability of these materials
and to evaluate the bone-implant interfaces.

Results: The histological observation showed the formation of osteoblast, osteocytes with lacuna, bone with
lamellar structures, and blood vessels indicating that the healing and remodeling of the bone, and vasculature
reconstruction occurred after 4 and 8 weeks of implantation. However, superior bone formation and maturation
were obtained after 8 weeks. SEM images also showed stronger interfaces at week 8. There were differences
between the composites in percentages of bone area (TB%) and the number of osteocytes. The 50Ti composite
showed higher TB% at week 4, while 25Ti and 75Ti represented higher TB% at week 8. All the composites showed
a higher number of osteocytes compared to 100Ti, particularly 75Ti.

Conclusions: The fabricated composites have the potential to be used in load-bearing orthopedic applications.
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Introduction
Pure titanium (Ti) is a well-established material in ortho-
pedic implants, due to the favorable combination of prop-
erties including biocompatibility, mechanical strength, and
chemical stability [1, 2]. Despite this, Ti requires improve-
ment of mechanical properties if it is intended to be used

in heavily loaded sites [3, 4]. To make Ti suitable for load-
bearing applications, its alloys and composites have been
extensively developed using materials such as tantalum,
zirconium, niobium, molybdenum, magnesium, and cal-
cium phosphates, to name a few [5, 6].
Composites are hybrid materials which consist of two

or more distinct materials (on a macroscopic scale) se-
lectively designed to provide superior properties rather
than its constituents alone [7, 8]. A composite differs
from an alloy in which the main constituent is a metal
combined with one or more other elements and retains
all the properties of a metal in the resulting material
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(such as electrical conductivity, and ductility). Ceramic-
metal composites are one of the most successful groups
which can favorably combine the dissimilar properties of
ceramic and metal constituents in one material system.
Ceramic materials, such as alumina (Al2O3), cause negli-
gible osteolysis because of its low friction coefficient and
reduced wear debris generation [9–14]. This, along with
high hardness, favorable compressive strength, and
chemical stability in physiological environments, has
made it the material of choice for making orthopedic
prostheses (such as alumina-on-alumina hip implants).
Therefore, adding alumina into Ti can solve the low
wear resistance and particle detachment from Ti im-
plants. On the other hand, alumina alone is inherently
brittle and susceptible to fracture. Therefore, the com-
bination of alumina with Ti as a toughening material
can solve this problem too.
Al2O3-Ti biocomposites were fabricated by spark

plasma sintering (SPS), in the last decade, and their
mechanical and corrosion characteristics were evalu-
ated which showed promising results [15–20]. Super-
ior flaw tolerance and toughness were obtained for
25 vol.% Ti rather than pure Al2O3 [16]. Moreover,
several Al2O3-Ti composites with different metal
weight percentages were made [17] and the changes
in mechanical properties (elastic modulus and hard-
ness) were studied. It was found that the elastic
modulus and the fracture toughness were respectively
increased and decreased by the increase in Al2O3 per-
centage in the composites. In addition, Fujii et al.
[18] evaluated the influence of different raw powders
(pure Ti and TiH2) on the mechanical behavior of
Al2O3-Ti composites. They found higher elastic
modulus, bending strength, and hardness of the com-
posites made by TiH2, but lower fracture toughness
compared with using pure Ti. Moreover, Bahramina-
sab et al. [15] fabricated a five-layer functionally
graded material and uniform composites of Al2O3-Ti
with 25-75 vol.% Ti, and found good mechanical
properties including high hardness.
Despite the favorable properties, before any clinical

practice, the biological performance of these mate-
rials must be thoroughly examined. To the best of
the authors’ knowledge, there is no in vivo study
available to assess the material-tissue interaction of
these composites. The only in vitro study is that of
Guzman et al. [21] in which a composite having 25
vol.% Ti was investigated for cytotoxicity, and its in-
fluence on cell proliferation, differentiation, and
adhesion.
The aim of the present study, therefore, was to prelim-

inarily examine the effects of these new composites on
biological performance in an animal model.

Materials and methods
Sample preparation
The samples were made using the SPS machine (SPS-20
T-10, Easy Fashion Metal Products Trade CO. Ltd.
China) according to our previous study [15]. Briefly, the
α-Al2O3 and Ti powders were used as the starting mate-
rials. The powders were weighed and mixed to make
mixtures with different vol.% based on Table 1. The
powder mixtures were then ball milled (PM400, Retsch,
Germany) to grind and provide homogenized mixture.
To do this, zirconia jar and balls were employed at a
speed of 100 rpm for 1 h, with a ball to powder ratio of
5:1. Subsequently, the homogenized powders were added
into a graphite die and sintered by the SPS machine. Fig-
ures 1 and 2 show the SEM images of the starting pow-
ders and the fabricated samples, respectively. As it can
be seen in Fig. 1, the particle size used was different;
coarse Ti particles vs fine Al2O3 powder. It has been in-
dicated that fine titanium particles used for fabrication
of Al2O3-Ti composites causes formation of a thin oxide
layer which covers the particles [17]. This oxide layer
disturbs the sintering of the powder mixture and induces
the formation of uncontrolled and undesirable phases at
the Al2O3-Ti interface. Therefore, in this study, larger Ti
particles were used to avoid this problem, similar to pre-
vious studies [15–17, 21]. Furthermore, the use of poly-
disperse size distributions is effective where the small
particles within the powder mixture fill the voids be-
tween the larger particles providing full density parts.
After fabrication, the samples were grinded to re-

move the graphite from their surfaces. 100Ti, 75Ti,
and 50Ti were wire-cut, and 25Ti and 0Ti were cut
by a micro-cutter to provide small pieces for implant-
ation. These were successively mounted and grinded
to provide bar-shaped samples with a mean size of
1.9 (± 0.08) × 1.7 (± 0.15) × 10.8 (± 0.73) mm3. The
mounts were removed and the samples were finally
grinded on all sides up to 2000-grit (Fig. 3). Before
implantation, the prepared bars were ultrasonically
cleaned with alcohol and distilled water, respectively,
each for 10 min. The samples were then covered by
aluminum foil, and sterilized by heating within a hot
air oven at 100 °C for 1 h. The sterilized samples were
then immediately transferred to a laminar flow bench
(class II) and kept there without opening the foil
cover until the time of surgery.

Implantation
All animal protocols were approved by the research
council and ethics committee of the authors’ affiliated
institutions. Forty same-aged (16 weeks) male Wistar
rats with a mean weight of 305 g (± 16 g) were selected
based on a previous study [22]. The adult rats were used
here, as the peri-implant bone volume and
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osseointegration have shown to be greater rather than
the young male rats [23]. General anesthesia was done
by intraperitoneal (IP) injection of a combination of
ketamine hydrochloride and xylazine hydrochloride with
the volume ratio of 8:2 at 1 cc/kg. The surgical proced-
ure was carried out under sterile conditions. The skin
covering the knee joint area was shaved and cleaned
with 70% alcohol pads. An incision of about 2.5 cm was
made on the knee of the left hind leg. The intercondylar
space of the knee joint was exposed by making an inci-
sion of 1–1.5 cm on the lateral side of the patella and

lifting the patella and its ligament to the medial side. A
hole was drilled between the knee condyles into the
bone marrow cavity which was subsequently widened
and drilled lengthwise to provide a hollow passageway
matching the implant size. The drilling was done under
profuse physiological saline to keep the joint surface wet
and avoid necrosis due to the heat generated through
drilling. At the end, the debris such as bone fragments
was rinsed out by physiological saline using a syringe. A
sample was then placed in the femur hollow passageway
and pushed deep enough to avoid the implant tip to

Table 1 Materials compositions, codes, and process parameters

Groups Abbreviated
names

Compositions Ball mill
conditions

SPS conditions

Applied
pressure
(MPa)

Maintaining time at
applied pressure (min)

Sintering
temperature
(°C)

Soaking
time (min)

1 0Ti 100 vol.% Al2O3 powder Ball to powder
ratio: 5:1
Rotating
speed: 100
rpm
Time: 1 h

10
20
40

3
10
Until the end

1350 30

2 25Ti 25 vol.% Ti powder-75
vol.% Al2O3 powder

3

3 50Ti 50 vol.% Ti powder-50
vol.% Al2O3 powder

3

4 75Ti 75 vol.% Ti powder-25
vol.% Al2O3 powder

3

5 100Ti 100 vol.% Ti powder 3

Fig. 1 SEM images of the powders used for making composites; (a) Ti and (b) Al2O3
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Fig. 2 SEM images of the fabricated composites before implantation; (a) 100Ti, (b) 75Ti, (c) 50Ti, (d) 25Ti, and (e) 0Ti (the bright regions are Ti
phase, and the dark regions are Al2O3 phase)

Fig. 3 Samples prepared from 100Ti for implantation in rat femur
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disturb the joint surface. The patella and its ligament
were pulled back laterally to its initial place and the skin
was closed with sterile sutures (Fig. 4). No postoperative
antibiotic treatment and pain-killer was given. The rats
were monitored after surgery and it was seen that they
used the operated leg naturally. The implanted animals
were kept to a housing facility, where they could access
to water and food, freely.

Radiographic and weight analyses
The radiographic images were taken immediately after
the surgery and before sacrificing, to ensure whether the
implants were appropriately placed in situ and whether
they had no movements. Furthermore, the rats were
weighed every week until the end of implantation time.

Histological analysis
After 4 and 8 weeks, the rats were sacrificed and their fe-
murs were carefully dissected and collected. The bones
were then fixed in 10% neutral-buffered formalin, and
decalcified in 10% formic acid for 2-3 weeks. During the
decalcification process, the femurs were monitored and
after a few days when the bones became somewhat rub-
bery, the implants were carefully removed and the bones
were allowed to fully decalcify. Afterward, the standard
dehydration was performed in serially increasing ethanol
solutions (to 100% ethanol) which was followed by
immersion of the samples in xylene, paraffin-saturated
xylene, and lastly molten paraffin. Transverse sections
with thickness of 5 μm were provided from the center of
the implantation sites using a microtome and stained
with hematoxylin and eosin (H&E). The peri-implant

Fig. 4 The steps in operation from anesthesia to joint closing with sutures
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tissues were observed under an optical microscope. The
number of osteocytes was counted in 4 regions in each
image with a frame size of 500 × 300 pixels. Further-
more, the area of trabecular bone and whole tissue was
measured and TB% was calculated by dividing the tra-
becular bone area to the whole tissue area. These mea-
surements were conducted using the ImageJ software.

SEM observation
Some sections of non-decalcified bones were prepared for
scanning electron microscopy (SEM). The bone samples
were fixed in formalin and dehydrated in increasing con-
centrations of ethanol. They were then put into the plastic
cylindrical molds which were filled by epoxy resin and cut
into several pieces transversely using a micro-cutter.

Statistical analysis
Statistical analyses were conducted through analysis of
variance (ANOVA) using the Minitab V17 software with
the confidence level of 95% (α = 0.05). The normal prob-
ability plot of residuals was checked in all analyses. Fur-
thermore, the post hoc pairwise comparisons were
performed using the Tukey test.

Results
Radiographic and weights analyses
The radiographic images exhibited that the implants
were appropriately placed in situ and they had no move-
ments post-surgery. Figure 5 shows the radiographic
image taken from a rat with 0Ti material.
Figure 6 shows the variations in rats’ weights for 8

weeks postoperatively. As it can be seen, the rats in all
groups had their routine weight gain. Only the rats with
25Ti implant had a slight weight loss at the beginning
but they could gain weight in a similar trend as the other
groups. In this figure, the means of normalized weights
are presented, which were calculated by dividing the
weight obtained in each week by the weight measured in
the first week, at each group.

Histological and SEM observation
The histological observation showed no inflammation or
other implant-associated complications macroscopically
for all implant materials. In microscopic scale, however,
a large number of lymphocytes was observed only in the
histopathology sections provided from the peri-implant
tissue of 75Ti implant after 4 weeks (Fig. 7, row 4). The
lymphocytes, however, were not observed after 8 weeks
of implantation. The connective tissue and new bone
were seen around the implants in all groups. As it can
be clearly seen in Fig. 7, the connective tissue around
the 75Ti implant was very loose and fragile after 4 weeks
which became stronger and firmer after 8 weeks. Never-
theless, the connective tissues in all groups had similar

morphology 8 weeks after implantation. The progenitor
cells and fibroblasts were observed in the connective tis-
sues of all groups. However, there were differences be-
tween the connective tissues around different materials
after 4 and 8 weeks (Fig. 8). The connective tissues after
8 weeks of implantation were firmer with no macro-
phages and giant cells meaning that no debris of im-
planted materials were in the surrounding tissues to
activate these cells for phagocytosis. The morphology of
osteocytes was also slightly different at weeks 4 and 8
(Fig. 8); more rounded versus elongated morphology
(green circles vs blue ovals). Moreover, the formation of
osteoblast, osteocytes with lacuna, bone with lamellar
structures, and blood vessels indicated that the healing
and remodeling of the bone, and vasculature reconstruc-
tion occurred after 4 and 8 weeks of implantation.
SEM images in Fig. 9 revealed the existence of gaps at

the implant-bone interfaces meaning that the implant-
tissue interfaces 4 weeks after surgery were not strong
enough (yellow arrows). This is very obvious for 75 Ti
implant material (group 4) which is in agreement with
the histological results obtained here. However, after 8
weeks, the bonds between the implants and the peri-
implant tissues became stronger and there were no gaps
in some regions and very narrow and small gaps in some
other parts of the interface (Fig. 10, yellow arrows).

Fig. 5 The radiographic image of a rat with 0Ti implant material
after the surgery
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Two-way ANOVA on the TB% around the materials
showed that the only significant factor was time (P value
= 0.006), meaning the time period following the oper-
ation influenced the bone formation. The TB% increased
in all groups by time except for 25Ti for which the TB%
was decreased from 46.64 to 40.61% (Fig. 11a). The most
increase in TB% was found to be 20.99% for 75Ti
followed by 0Ti, 25Ti, and 100Ti with 12.36%, 7.99%,
and 5.9% increase, respectively. The interesting point is
that despite the inflammatory response (presence of lym-
phocytes) observed in 75Ti at week 4, the bone forma-
tion was very high in the next 4 weeks. The Tukey
pairwise comparisons between the groups are also
shown in Fig. 11a, in which the means that do not share
a letter are significantly different. Therefore, there were
no significant differences between the TB% of the im-
plants at week 4 and also at week 8. It was shown that
the TB% around 0Ti, 75Ti, and 100Ti after 8 weeks was
significantly higher than that of 75Ti after 4 weeks.
Furthermore, two-way ANOVA was employed to

evaluate the number of osteocytes in the adjacent bones
around the biomaterials. Since the data did not have a
normal distribution, the statistical analysis was per-
formed on the transformed data [24]. The material and
time were found to be significant factors (P values of
0.000) meaning that both the postoperative time and the
composition of studied materials influenced the number
of osteocytes. Furthermore, the interaction effect of ma-
terial and time was also statistically significant (P value =
0.003). As it can be seen in Fig. 11b, the number of oste-
ocytes increased by time in all groups except for 100Ti
for which a negligible decrease was found (from 9.11 to
9.04#/mm2). The increase in the number of osteocytes
along with variation of morphology from round to

elongated shape (as indicated in H&E stained sections)
means the maturation of the new bone by time. The re-
sults of Tukey test are also shown in Fig. 11b, by letters
above the bars. There were no significant differences be-
tween the numbers of osteocytes at week 4. Further-
more, it was indicated that the number of osteocytes in
the bone around 75Ti after 8 weeks (mean value of
12.99#/mm2) was significantly higher than those of other
materials. The osteocyte density around 0Ti after 8
weeks was also significantly higher than 0Ti, 25Ti, and
100Ti after 4 weeks, and 100Ti after 8 weeks. The lowest
number of osteocytes was observed in the bone around
25Ti at week 4.

Discussion
Al2O3-Ti composites are promising materials for load-
bearing orthopedic implants due to high mechanical
properties. The assessment of their biological perfor-
mances, in the present study, offers preliminary evidence
that these composites provide bone formation in vivo.
Our findings showed the formation of connective tissue
and new bone around all the implant materials. The
multipotent stem cells and progenitor cells in the con-
nective tissue may contribute to the formation of tra-
becular bone within the medullary canal [25]. The only
material with fibrous tissue, early (4 weeks) inflammatory
response, and low formation of new bone was 75Ti.
However, at late (8 weeks), the normal tissue growth was
found for 75Ti even superior to other composites mean-
ing that the conversion of fragile fibrous tissue into car-
tilage and finally bone tissue occurred. Usually, a
localized inflammatory reaction occurs after implant-
ation of an orthopedic device in response to the invasive
surgery and to the presence of the prosthesis [26]. All

Fig. 6 Variations of weights during 8 weeks postoperatively
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materials placed into the living tissues induce a host im-
mune response which reflects the initial tissue repair
steps. The first contact of a biomaterial with tissue
causes adsorption of proteins from blood and interstitial
fluids on its surface within a few nanoseconds. This pro-
tein layer is determinant for the activation of a complex
series of precisely controlled responses including coagu-
lation cascade, complement system, platelets, and im-
mune cells [27]. This results in the initiation of the
inflammatory response. What is important is to avoid its
continuation that leads to chronic inflammation, foreign
body reactions, and consequently the loss of the required
function [28]. The results obtained here 8 weeks after
the operation did not show any chronic inflammatory
response even for 75Ti implant material. Furthermore,
the formation of osteoblast lining cells, osteocytes with

lacuna, trabecular and lamellar bone structures, and
blood vessels are indicative of the bone healing, remod-
eling, and vasculature reconstruction after 4 and 8 weeks
of implantation.
The time had a positive effect on TB% around 0Ti,

25Ti, 75Ti, and 100Ti, and on the number of osteocytes
in all groups except for 100Ti. Previous studies on Ti
implant also demonstrated that an increase in postoper-
ative time increases the bone area around the implants
[29–31]. For example, Ballo et al. [31] evaluated the
bone tissue response to 4 implant materials including
strontium- and silicon- substituted apatite (Sr-HA and
Si-HA) modified titanium implants, pure HA, and pure
Ti. Their results indicated that the bone area formed
around all implants including Ti increased by time. This
is in agreement with the results obtained here. A higher

Fig. 7 H&E images in different groups after 4 weeks. IM, implant site; TB, trabecular bone; BM, bone marrow; CT, connective tissue; OCY, osteocytes;
OB, osteoblast lining cells; OCL, osteoclast; RBC, red blood cell; L, lymphocytes; CHO, chondrocytes; F, fibroblasts
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osteocyte density adjacent to the surfaces of implants
can possibly be associated with the recruitment of higher
osteoprogenitor cells resulting in a higher number of os-
teoblasts becoming embedded within the extracellular
matrix (ECM) which finally differentiate into osteocytes
[32]. It has been indicated that the time of implantation
influences the number of osteocytes in peri-implant
bone [33]. Another factor that affects the number of os-
teocytes is the mechanical loading because the

osteocytes act as mechanosensors and regulate
mineralization [34]. In peri-implant bone tissue, these
cells physically communicate with the surface of implant
material through canaliculi and respond to the mechan-
ical loading [35]. Different materials transfer the loads
differently to the adjacent tissues due to a material prop-
erty known as elastic modulus/stiffness [36]. Therefore,
the different numbers of osteocytes can be expected for
different materials. One point that should be noted is

Fig. 8 Comparison of H&E sections of peri-implant tissue in different groups at two-time points. Magnification, × 200
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that the surgical procedure also plays an important role
in the number of osteocytes and the healing time. It has
been indicated that the drilling speed and generated heat
during the preparation of the implant site causes osteo-
cyte apoptosis leading to extensive remodeling and de-
layed healing [37, 38]. Furthermore, the primary
mechanical stability and the contact stresses at the
bone-implant interface are also important in avoiding
the implant micromotion, and fibrous membrane forma-
tion which subsequently affects the osseointegration
[39]. To control these, in the present study, all opera-
tions were conducted by a single person with the same
drill and drilling speed, and saline serum was rinsed to
the implantation site during the drilling to lessen the ef-
fect of the generated heat. Meanwhile, the prepared
holes were manually filled with implants as tightly as
possible to provide initial mechanical stability.
In hard tissue replacement, where the implant material

interfaces with the bone such as non-cemented compo-
nents of the knee and hip prostheses, new bone forma-
tion and anchorage of the implant with bone are

required. The biocompatibility of an implanted material
is ideal if the material provokes the normal tissue forma-
tion at its surface and creates a connected interface that
can transfer the loads normally experienced at the im-
plantation site. In this study, the implant-bone interface
in all groups became stronger with very small gaps at
week 8, as indicated in SEM images. Several studies
measured the shear strength/modulus of the bone bond
with different implant materials through the push-out
test and obtained higher bond strength by the time. For
example, Huang et al. [40] tested the in vivo perform-
ance of two implant materials in a rabbit model. Their
push-out test showed higher shear strength for both ma-
terials at week 12 compared to week 4. Moreover, Ban-
dyopadhyay et al. [41] conducted push-out test on dense
Ti, porous Ti, and porous Ti with carbon nano-tube im-
planted in rat femur in two-time points, and indicated
the increase in shear modulus by time in all materials.
The SEM observation in their study, revealed distinct
gaps at the interface of tissue-implant in all materials
after 4 weeks, particularly for dense Ti. However, the

Fig. 9 SEM images of implant materials and peri-implant tissues after 4 weeks
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gaps at the interfaces were reduced after 10 weeks. Simi-
lar observations were obtained in our SEM images.
One point that should be emphasized is that some

metals used in metallic implants such as nickel, titanium,
and aluminum are nonessential for human health. These
metals when present at sufficiently high concentrations
can disturb normal biological functions and result in cel-
lular stress responses known as metal toxicity [42].
Metal toxicity exerts influence on various tissues includ-
ing the kidney, liver, heart, and nervous systems [43, 44].
Adverse effects of Al have been repeatedly discussed in
several studies. Neurodegenerative diseases such as
Alzheimer’s as well as certain bone diseases and dialysis
dementia have been attributed to Al exposure [45].
There is evidence that exposure to Al may lead to in-
creased oxidative stress, inflammatory events, and the
breakdown of the blood-brain barrier (BBB) [43]. Also,
with the widespread use of titanium, there are concerns
regarding the adverse effects of titanium accumulation
and its effects on the human body [44, 46]. For example,
increased titanium levels were noted in the lungs, spleen,
muscle, and regional lymph nodes in implanted animals
[47, 48]. The fabricated composites here are intended to
be used in load-bearing applications such as total joint
replacements; therefore, Al2O3 wear debris may produce
during articulation which can induce biological re-
sponses. One study evaluated the effects of sub-acute ex-
posure to Al2O3 nanoparticles on oxidative stress and
histological changes in mouse liver and brain by oral
route exposure for 21 days [44]. The findings showed
that exposure to these particles produced oxidative

stress in erythrocyte, liver, and brain. Furthermore, the
neurotoxicity of the nanoparticles appeared to be pos-
sible due to increase in dopamine and norepinephrine
levels in the brain cerebral cortex and increased brain
oxidative stress. Moreover, another in vivo study on rats
(intranasally instilled with nano-Al2O3 once per day for
15–30 days) demonstrated that exposure to these nano-
particles can be a risk factor for neurodegenerative dis-
eases and might negatively influence the hippocampus,
striatum, and dopaminergic neurons [49]. However,
in vitro study on the effect of metal oxide nanoparticles
including Al2O3 on Neuro-2A cells showed that Al2O3

had no measurable effect on the cells until the concen-
trations reached greater than 200 μg/mL (LDH leakage
and change in mitochondria activity) [50]. Another study
[51] compared the cytotoxicity of clinically relevant Co-
Cr alloy and Al2O3 ceramic wear particles. Their results
showed that Co-Cr particles 50 and 5 μm3 per cell
reduced the viability of U937 cells by 97% and 42% and
reduced the viability of L929 cells by 95% and 73%, re-
spectively. However, only, at 50 μm3 per cell, the Al2O3

ceramic particles reduced U937 cell viability by 18%. In
our histological analysis, however, no material debris
was found in the peri-prosthetic tissues and the mate-
rials were very biostable. Nevertheless, it is believed that
further analyses are required to examine the concentra-
tion and accumulation of Ti and Al2O3 in the biological
fluids and organs after long time use of the composites
in load-bearing sites.
The properties of Al2O3-Ti composites are mostly fa-

vorable for load-bearing orthopedic implants. The

Fig. 10 SEM images of implant materials and peri-implant tissues after 8 weeks
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mechanical strength of orthopedic implants is a prime
factor to sustain the loads of daily activity. High hard-
ness (or low coefficient of friction) is desired to avoid
wear and the subsequent osteolysis; however, it should
be accompanied by acceptable fracture toughness to
avoid brittle failure. High corrosion resistance is also fa-
vorable to minimize corrosion and ion release to the
surrounding tissues. Another important factor is the
elastic modulus (or stiffness) of a material which can
contribute to an undesirable phenomenon known as the

stress shielding effect. It is related to changes in load
transfer and attributed to large differences between the
relatively high elastic modulus of the material and the
adjoining bone. Currently used materials in total joint
replacements including Co-Cr alloy, stainless steel, Ti al-
loys, alumina, and zirconia all have much higher elastic
moduli (about 240, 210, 112, 350, and 200 GPa, respect-
ively) than that of bone (≤ 30 GPa) [13]. The fabricated
composites here have elastic moduli between those of Ti
and Al2O3 which are still much higher. One way to reduce

Fig. 11 Comparison of (a) TB%, and (b) number of osteocytes at different groups; the means that do not share a letter are significantly different
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elastic modulus is the use of functionally graded/hierarch-
ical materials with a harder and stiffer material at the ar-
ticular surface and low modulus material at the bone
interface to simultaneously reduce wear and stress shield-
ing [52]. However, this requires advance manufacturing
technologies such as additive manufacturing/3D print-
ing [53].
The present paper is a preliminary study on the bone

formation of Al2O3-Ti composites in vivo. It would be
beneficial that more in-depth analyses on the morpho-
logical features of the trabecular bone are conducted in
the future research to better understand the osteogenesis
process around these implant materials. One way to
achieve a faster healing process is the surface modifica-
tions of the materials and the use of bioactive coatings.
It would be interesting to investigate the effect of surface
treatment on the biological response of the fabricated
composites in future work.

Conclusion
In vivo performance of Al2O3-Ti bone implants was
assessed by implantation in the rat femur. Among the
fabricated composites, 50Ti showed superior early bone
formation, while 25Ti and 75Ti provided higher bone
formation at late (8 weeks). The tissue response of these
composites was superior or comparable to pure Ti im-
plant (100Ti) which is the benchmark material. There-
fore, they can be promising for clinical applications.

Abbreviations
SPS: Spark plasma sintering; SEM: Scanning electron microscope;
IP: Intraperitoneal; H&E: Hematoxylin and eosin; ANOVA: Analysis of variance

Acknowledgements
The authors would like to thank Semnan University of Medical Sciences (NO.
1310) for funding this work.

Authors’ contributions
Marjan Bahraminasab: Conceptualization, design of study, statistical analyses,
experimentation, manuscript writing, and editing. Samaneh Arab: Experimentation,
manuscript editing. Manouchehr Safari: Experimentation, manuscript editing. Athar
Talebi: Data analysis. Fatemeh Kavakebian: Experimentation. Nesa Doostmohammadi:
Experimentation. The authors read and approved the final manuscript.

Funding
This work was funded by Semnan University of Medical Sciences.

Availability of data and materials
The data used and/or analyzed in the present study are available from the
corresponding author upon reasonable request.

Ethics approval and consent to participate
All animal protocols were approved by the research council and ethics
committee of Semnan University of Medical Sciences
(IR.semums.REC.1396.158).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Nervous System Stem Cells Research Center, Semnan University of Medical
Sciences, Semnan, Iran. 2Department of Tissue Engineering and Applied Cell
Sciences, School of Medicine, Semnan University of Medical Sciences,
Semnan, Iran. 3Faculty of Metallurgical and Materials Engineering, Semnan
University, Semnan, Iran.

Received: 6 October 2020 Accepted: 11 January 2021

References
1. Jackson M, Kopac J, Balazic M, Bombac D, Brojan M, Kosel F. Titanium and

titanium alloy applications in medicine. In: Surgical tools and medical
devices. Springer Nature Switzerland; 2016. p. 475–517.

2. Bahraminasab M, Hassan MR, Sahari BB. Metallic biomaterials of knee and
hip - a review. Trends Biomater Artif Organs. 2010;24(2):69–82.

3. Chen Q, Thouas GA. Metallic implant biomaterials. Mater Sci Eng R Rep.
2015;87:1–57.

4. Kirmanidou Y, Sidira M, Drosou M-E, Bennani V, Bakopoulou A, Tsouknidas
A, et al. New Ti-alloys and surface modifications to improve the mechanical
properties and the biological response to orthopedic and dental implants: a
review. Biomed Res Int. 2016;2016:1–21.

5. Zhang LC, Chen LY. A review on biomedical titanium alloys: recent progress
and prospect. Adv Eng Mater. 2019;21(4):1801215.

6. Bandyopadhyay A, Dittrick S, Gualtieri T, Wu J, Bose S. Calcium phosphate–
titanium composites for articulating surfaces of load-bearing implants. J
Mech Behav Biomed Mater. 2016;57:280–8.

7. Bahraminasab M, Farahmand F. State of the art review on design and
manufacture of hybrid biomedical materials: hip and knee prostheses. Proc
Inst Mech Eng H J Eng Med. 2017;231:1–29.

8. Salernitano E, Migliaresi C. Composite materials for biomedical applications:
a review. J Appl Biomater Biomech. 2003;1(1):3–18.

9. Lusty P, Tai C, Sew-Hoy R, Walter W, Walter W, Zicat B. Third-generation
alumina-on-alumina ceramic bearings in cementless total hip arthroplasty.
JBJS. 2007;89(12):2676–83.

10. Yoo JJ, Yoon PW, Lee Y-K, Koo K-H, Yoon KS, Kim HJ. Revision total hip
arthroplasty using an alumina-on-alumina bearing surface in patients with
osteolysis. J Arthroplasty. 2013;28(1):132–8.

11. Toni A, Giardina F, Guerra G, Sudanese A, Montalti M, Stea S, et al. 3rd
generation alumina-on-alumina in modular hip prosthesis: 13 to 18 years
follow-up results. Hip Int. 2017;27(1):8–13.

12. Kim Y-H, Park J-W, Kim J-S. Alumina delta-on-alumina delta bearing in
cementless total hip arthroplasty in patients aged < 50 years. J Arthroplasty.
2017;32(3):1048–53.

13. Bahraminasab M, Sahari BB, Edwards KL, Farahmand F, Arumugam M.
Aseptic loosening of femoral components-materials engineering and design
considerations. Mater Des. 2013;44:155–63.

14. Ghalme SG, Mankar A, Bhalerao Y. Biomaterials in hip joint replacement. Int
J Mater Sci Eng. 2016;4(2):113–25.

15. Bahraminasab M, Ghaffari S, Eslami-Shahed H. Al2O3-Ti functionally graded
material prepared by spark plasma sintering for orthopaedic applications. J
Mech Behav Biomed Mater. 2017;72:82–9.

16. Gutierrez-Gonzalez CF, Fernandez-Garcia E, Fernandez A, Torrecillas R,
Lopez-Esteban S. Processing, spark plasma sintering, and mechanical
behavior of alumina/titanium composites. J Mater Sci. 2014;49(10):3823–30.

17. Meir S, Kalabukhov S, Frage N, Hayun S. Mechanical properties of Al 2 O 3\
Ti composites fabricated by spark plasma sintering. Ceram Int. 2015;41(3):
4637–43.

18. Fujii T, Tohgo K, Iwao M, Shimamura Y. Fabrication of alumina-titanium
composites by spark plasma sintering and their mechanical properties. J
Alloys Compd. 2018;744:759–68.

19. Bahraminasab M, Bozorg M, Ghaffari S, Kavakebian F. Corrosion of Al2O3-Ti
composites under inflammatory condition in simulated physiological
solution. Korean J Couns Psychother. 2019;102:200–11.

20. Bahraminasab M, Bozorg M, Ghaffari S, Kavakebian F. Electrochemical
corrosion of Ti-Al2O3 biocomposites in Ringer’s solution. J Alloys Compd.
2019;777:34–43.

21. Guzman R, Fernandez-García E, Gutierrez-Gonzalez CF, Fernandez A, Lopez-
Lacomba JL, Lopez-Esteban S. Biocompatibility assessment of spark plasma-
sintered alumina-titanium cermets. J Biomater Appl. 2016;30(6):759–69.

Bahraminasab et al. Journal of Orthopaedic Surgery and Research           (2021) 16:79 Page 13 of 14



22. Jaatinen JJ, Korhonen RK, Pelttari A, Helminen HJ, Korhonen H, Lappalainen
R, et al. Early bone growth on the surface of titanium implants in rat femur
is enhanced by an amorphous diamond coating. Acta Orthop. 2011;82(4):
499–503.

23. Pien D, Olmedo D, Guglielmotti M. Influence of age and gender on peri-
implant osteogenesis. Age and gender on peri-implant osteogenesis. Acta
Odontologica latinoamericana: AOL. 2001;14(1-2):9.

24. Bahraminasab M, Arab S, Jahan A. Adaptation of MC3T3 cell line to
Dulbecco’s modified Eagle’s medium. Tissue Cell. 2020;64:101341.

25. Cohen DJ, Cheng A, Sahingur K, Clohessy RM, Hopkins LB, Boyan BD, et al.
Performance of laser sintered Ti–6Al–4 V implants with bone-inspired
porosity and micro/nanoscale surface roughness in the rabbit femur.
Biomed Mater. 2017;12(2):025021.

26. Brooks EK, Brooks RP, Ehrensberger MT. Effects of simulated inflammation
on the corrosion of 316 L stainless steel. Korean J Couns Psychother. 2017;
71:200–5.

27. Gorbet MB, Sefton MV. Biomaterial-associated thrombosis: roles of
coagulation factors, complement, platelets and leukocytes. Biomaterials.
2004;25(26):5681–703.

28. Franz S, Rammelt S, Scharnweber D, Simon JC. Immune responses to
implants–a review of the implications for the design of immunomodulatory
biomaterials. Biomaterials. 2011;32(28):6692–709.

29. Stenlund P, Omar O, Brohede U, Norgren S, Norlindh B, Johansson A, et al.
Bone response to a novel Ti-ta-Nb-Zr alloy. Acta Biomater. 2015;20:165–75.

30. Queiroz TP, de Molon RS, Souza FÁ, Margonar R, Thomazini AHA, Guastaldi
AC, et al. In vivo evaluation of cp Ti implants with modified surfaces by
laser beam with and without hydroxyapatite chemical deposition and
without and with thermal treatment: topographic characterization and
histomorphometric analysis in rabbits. Clin Oral Investig. 2017;21(2):685–99.

31. Ballo AM, Xia W, Palmquist A, Lindahl C, Emanuelsson L, Lausmaa J, et al.
Bone tissue reactions to biomimetic ion-substituted apatite surfaces on
titanium implants. J R Soc Interface. 2012;9(72):1615–24.

32. Shah FA, Snis A, Matic A, Thomsen P, Palmquist A. 3D printed Ti6Al4V
implant surface promotes bone maturation and retains a higher density of
less aged osteocytes at the bone-implant interface. Acta Biomater. 2016;30:
357–67.

33. Piattelli A, Artese L, Penitente E, Iaculli F, Degidi M, Mangano C, et al.
Osteocyte density in the peri-implant bone of implants retrieved after
different time periods (4 weeks to 27 years). J Biomed Mater Res B Appl
Biomater. 2014;102(2):239–43.

34. Uto Y, Kuroshima S, Nakano T, Ishimoto T, Inaba N, Uchida Y, et al. Effects of
mechanical repetitive load on bone quality around implants in rat maxillae.
PLoS One. 2017;12(12):e0189893.

35. Shah F, Thomsen P, Palmquist A. A review of the impact of implant
biomaterials on osteocytes. J Dent Res. 2018;97(9):977–86.

36. Bahraminasab M, Edwards KL. Biocomposites for hard tissue
replacement and repair. Futuristic Composites. Springer Nature
Switzerland; 2018. p. 281–96.

37. Wang L, Aghvami M, Brunski J, Helms J. Biophysical regulation of osteotomy
healing: an animal study. Clin Implant Dent Relat Res. 2017;19(4):590–9.

38. Chen C-H, Pei X, Tulu U, Aghvami M, Chen C-T, Gaudilliere D, et al. A
comparative assessment of implant site viability in humans and rats. J Dent
Res. 2018;97(4):451–9.

39. Marco F, Milena F, Gianluca G, Vittoria O. Peri-implant osteogenesis in
health and osteoporosis. Micron. 2005;36(7-8):630–44.

40. Huang D, Niu L, Wei Y, Guo M, Zuo Y, Zou Q, et al. Interfacial and biological
properties of the gradient coating on polyamide substrate for bone
substitute. J R Soc Interface. 2014;11(99):20140101.

41. Bandyopadhyay A, Shivaram A, Tarafder S, Sahasrabudhe H, Banerjee D,
Bose S. In vivo response of laser processed porous titanium implants for
load-bearing implants. Ann Biomed Eng. 2017;45(1):249–60.

42. Keegan G, Learmonth I, Case C. Orthopaedic metals and their potential
toxicity in the arthroplasty patient: a review of current knowledge and
future strategies. J Bone Joint Surg. 2007;89(5):567–73.

43. Saleem A, Khadija G, Akhtar Z, Mumtaz S, Rukhsar S, Rafiq M, et al. Short-
term exposure to titanium, aluminum and niobium (Ti-6Al-4Nb) alloy
powder can disturb the serum low-density lipoprotein concentrations and
antioxidant profile in vital organs but not the behavior of male albino mice.
Drug Chem Toxicol. 2020;43(3):298–306.

44. Shrivastava R, Raza S, Yadav A, Kushwaha P, Flora SJ. Effects of sub-acute
exposure to TiO2, ZnO and Al2O3 nanoparticles on oxidative stress and

histological changes in mouse liver and brain. Drug Chem Toxicol. 2014;
37(3):336–47.

45. Krewski D, Yokel RA, Nieboer E, Borchelt D, Cohen J, Harry J, et al. Human
health risk assessment for aluminium, aluminium oxide, and aluminium
hydroxide. J Toxicol Environ Health, Part B. 2007;10(S1):1–269.

46. Kim KT, Eo MY, Nguyen TTH, Kim SM. General review of titanium toxicity. Int
J Implant Dent. 2019;5(1):10.

47. Woodman J, Jacobs J, Galante J, Urban R. Metal ion release from titanium-
based prosthetic segmental replacements of long bones in baboons: a
long-term study. J Orthop Res. 1983;1(4):421–30.

48. Frisken K, Dandie G, Lugowski S, Jordan G. A study of titanium release into
body organs following the insertion of single threaded screw implants into
the mandibles of sheep. Aust Dent J. 2002;47(3):214–7.

49. Liu H, Zhang W, Fang Y, Yang H, Tian L, Li K, et al. Neurotoxicity of
aluminum oxide nanoparticles and their mechanistic role in dopaminergic
neuron injury involving p53-related pathways. J Hazard Mater. 2020;392:
122312.

50. Jeng HA, Swanson J. Toxicity of metal oxide nanoparticles in mammalian
cells. J Environ Sci Health A. 2006;41(12):2699–711.

51. Germain M, Hatton A, Williams S, Matthews J, Stone M, Fisher J, et al.
Comparison of the cytotoxicity of clinically relevant cobalt–chromium and
alumina ceramic wear particles in vitro. Biomaterials. 2003;24(3):469–79.

52. Bahraminasab M, Sahari BB, Edwards KL, Farahmand F, Hong TS, Naghibi H.
Material tailoring of the femoral component in a total knee replacement to
reduce the problem of aseptic loosening. Mater Des. 2013;52(0):441–51.

53. Bahraminasab M. Challenges on optimization of 3D-printed bone scaffolds.
Biomed Eng Online. 2020;19(1):1–33.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Bahraminasab et al. Journal of Orthopaedic Surgery and Research           (2021) 16:79 Page 14 of 14


	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Sample preparation
	Implantation
	Radiographic and weight analyses
	Histological analysis
	SEM observation
	Statistical analysis

	Results
	Radiographic and weights analyses
	Histological and SEM observation

	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

