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Purpose. The stress shielding effect caused due to the mechanical mismatch between the solid titanium and the surrounding bone
tissue warrants the utilization of a mechanically and biologically compatible material such as the titanium-hydroxyapatite (Ti-HA)
functionally graded material (FGM) for dental implants. This study is aimed at fabricating a Ti-HA FGM with superior mechanical
and biological properties for dental implantation. Materials and Methods. We fabricated a Ti-HA FGM with different Ti volume
fractions (VFs) using HA and Ti powders. Ti-HA was characterized by studying its mechanical properties. Cytotoxicity was
examined using a Cell Counting Kit-8 assay and an LDH cell cytotoxicity assay. Scanning electron microscopy was performed
on an XL30 environmental scanning electron microscope (ESEM). Alkaline phosphatase (ALP) and transforming growth factor
(TGE-f31) expressions were quantitatively monitored using enzyme-linked immunosorbent assay (ELISA) kits. The expressions
of TGF-J receptors and ALP genes were measured using real-time polymerase chain reaction. The Ti-HA FGM dental implants
were placed in beagle dogs. Microcomputed tomography (CT) and hard tissue slices were performed to evaluate the bone-
implant contact (BIC) and bone volume over total volume (BV/TV). Results. The density and mechanical properties of the Ti-
HA exhibited various graded distributions corresponding to VF. Based on the results of the Cell Counting Kit-8 (CCK-8) and
lactate dehydrogenase (LDH) assays, the difference in cytotoxicity between the two groups was statistically nonsignificant
(P=0.11). The ALP and TGF-f1 levels were slightly upregulated. The transcript levels of ALP and TGF-SRI were higher in the
Ti-HA groups than in the Ti group at 7 days, whereas the transcript levels of TGF-BRII exhibited no obvious increase. The BIC
did not exhibit significant differences between the Ti and Ti-HA FGM groups (P =0.0504). BV/TV showed the Ti-HA FGM
group had better osteogenesis (P = 0.04). Conclusion. Ti-HA FGM contributes to the osteogenesis of dental implants in vivo and
in vitro.

1. Introduction

Anterior tooth loss affects aesthetics, whereas posterior tooth
loss affects mastication. Long-term neglect of this problem
may subsequently result in complications such as migration
of the adjacent tooth, extrusion of the antagonist, alveolar
bone atrophy, and dysfunction of the temporomandibular
joint [1, 2]. Dental implants are usually considered the opti-
mum treatment option for tooth loss. Dental implants made
of titanium and titanium alloys are considered the gold stan-
dard and have been successfully used for a variety of indica-

tions such as abutment for removable prostheses, fixed
single-tooth reconstructions, and fixed dental prostheses [3].

However, the mechanical mismatch between the solid
titanium and the surrounding bone tissue creates a stress
shielding effect, complicating the process of osseointegration
and bone remodeling. Although their short-term results were
satisfactory with a 5-year success rate as high as 90%, the
long-term results were still not satisfactory [4]. Thus, a new
implant design was deemed necessary.

Literature based on finite element analysis indicated that
the geometry and implant material play a major role in
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reducing the maximum stress and stress shielding effect
around a dental implant [2, 5-8]. Hydroxyapatite was coated
on a dental implant using a biocompatible and bioactive
ceramic [9]. However, the high risk of crack formation at
the coating layer and dental implant interface introduces
undesirable deficiencies during the manufacturing process.
These deficiencies may be improved using functionally
graded material (FGM) implants; however, it is challenging
to develop biomaterials that are both biologically and
mechanically compatible [10].

Titanium (Ti) has exhibited low density, high mechanical
strength, and good biocompatibility. However, the elastic
modulus values of human bones (cortical bones, 10-
20 GPa; cancellous bones, 1.5-2.5GPa) are considerably
lower than those of commercial titanium implants (approxi-
mately 110 GPa), which is over ten times that of bone [4].
According to WolfF’s law, commercial titanium implants will
result in bone resorption and atrophy around the implant,
ultimately leading to implant mobility and failure [11].

Hydroxyapatite (HA) is the most extensively studied and
widely used developing bioceramic in dentistry due to its bio-
logical and crystallographic similarities with hard tissue. Fur-
thermore, it stimulates natural bone formation around the
dental implant to promote successful osseointegration [12].
The main use of HA in implantology is as a coating material
for titanium implants, and its effect on osteointegration,
inflammatory response, and antibacterial activity was
assessed [13].

The Ti-HA FGM was successfully developed by using HA
in the implant body [14]. It effectively utilized HA and Ti to
fabricate a FGM compositional distribution profile. Ti-HA
FGM exhibited better biocompatibility and osseointegration
than Ti. Although functionally graded titanium scaffolds
were fabricated, no biological properties of this material were
tested, precluding its use in dental implants due to the fear of
adverse effects due to mechanical or biological properties.

The Ti-HA FGM signifies a new class of dental compos-
ites. This study is aimed at fabricating a Ti-HA FGM with
good biological characterization for dental implantation.

2. Materials and Methods

2.1. Fabrication of the Ti-HA FGM Dental Implant. The
materials were fabricated according to a method reported
by Chenglin and Zhongda [15]. HA powder (Sigma-Aldrich,
St. Louis, MO, USA) and Ti powder (Gamma Technology
Development Co., Ltd., Shenzhen, China) were used to fabri-
cate the alloy. Both powders were mixed together according
to different volume fractions (VFs) of Ti (80%, 85%, 90%,
92%, 94%, 96%, 98%, and 100%) (Figure 1(a)). Then, we
measured the density and Rockwell hardness (HRA) of each
material.

Commercially available pure Ti was bought from Baoji
Shenghui Titanium Co., Ltd. (Baoji, SX, China). Initially, dif-
ferent Ti-HA mixing ratios were used and the powders were
blended by ball milling for 12h (HORIBA, Kyoto, Japan).
Then, the Ti-HA mixture was stacked in a steel die compact-
ing at 20-30 MPa. Finally, the green compacts were sintered
at 1300°C in an argon atmosphere at 10°C/min and cooled
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at 6°C/min in a high-temperature calciner (Xiyuzhuogong,
Henan, China).

Figure 1(a) illustrates the step-by-step implant design
process. Implants with a 4.0mm diameter and 10.0 mm
length were fabricated in an implant manufacturing com-
pany (ZD], Cixi, Zhejiang, China).

2.2. Study of Mechanical Properties. The density of the sam-
ples was measured by Archimedes’ method. The Rockwell
15T hardness (HRA) of specimens was measured with a
15kg force. The phase constitution was analyzed by X-ray
diffraction (XRD, X-Pert, PRO-MPD, PANalytical B.V.),
whereas the chemical composition of the surfaces was ana-
lyzed using an XL30 environmental scanning electron micro-
scope (ESEM; FEI Company, OR, USA) and energy-
dispersive spectrometry (EDS; OxfordAZtech x-max 80,
Oxford Instruments, Oxfordshire, UK). A protein adsorption
assay was performed to determine the total area of the mate-
rial surfaces. After attaining equilibrium in phosphate-
buffered saline (PBS; 0.01 M, pH 7.4) for 1h, the specimens
were incubated in 0.1 mg/mL bovine serum albumin (BSA)
solution (Sangon Biotech, Shanghai, China) at 37°C for 1h.
Then, the specimens were treated with 0.1 wt% sodium dode-
cyl sulfate (SDS; Sangon Biotech, Shanghai, China). The con-
centration of absorbed BSA was measured at 562 nm using
the Micro BCA™ protein assay kit (Pierce, IL, USA) in a
microplate reader (Thermo Fisher Scientific Inc., MA, USA).

2.3. Mechanical Characterization of Ti-HA FGM. The density
of the Ti-HA FGM increased with the increase in the Ti VF
(Figure 1(b)). The least density was seen when the Ti VF
was 80%, and the maximum density was observed when the
Ti VF was 100%. The HRA increased from 10 to 47.0 with
an increase in the VF of Ti from 80 to 100% (Figure 1(c)).
XRD analysis revealed that HA and Ti mainly existed as sim-
ple substances, and no reactions between HA and Ti could be
detected (Figure 1(d)). The Ti-HA FGM groups showed a
higher absorption of BSA compared with the Ti group,
implying that the Ti-HA FGM could absorb protein well
(Figure 1(e)). EDS analysis of the alloy (Figure 1(f)) demon-
strated the presence of Ti, calcium, phosphorous, and oxy-
gen. Thus, the Ti-HA FGM showed increasing density and
hardness with increasing Ti VF. The two components existed
without reacting or forming a complex, and the composite
showed better absorption of BSA than Ti alone.

2.4. Cell Growth and Differentiation and Cytotoxicity. Com-
mercially available preosteoblast MC3T3-E1 cells (donated
by Dr. Shi Jue, Zhejiang University) were used for the study.
Briefly, MC3T3-E1 cells were cultured in modified Eagle’s
minimum essential medium (Gibco, Invitrogen, USA) sup-
plemented with 10% fetal bovine serum (Gibco, Invitrogen,
USA). They were then washed in a 37°C water bath for
2min and transferred to a 25cm’ culture flask for culture at
37°C in an atmosphere of 5% CO,.

Cells were seeded on Ti surfaces at a density of 1 x 10*
cells/cm? in triplicate. The cells were studied after 48 h of cul-
ture, fixed with 2.5% glutaraldehyde overnight at 4°C, dehy-
drated through a serial alcohol gradient, and then critical
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F1GURE 1: Mechanical characterization of the Ti-HA FGM. (a) (A) HA powders and Ti powders were mixed from top to bottom according to
the volume fraction (VF) of Ti, namely, 80%, 85%, 90%, 92%, 94%, 96%, and 98%. (B) Green compacts with graded Ti VF were sintered at
1300°C in an argon atmosphere heated at 10°C/min and cooled at 6°C/min. (C) Cylindrical implants (diameter 4.1 mm, length 10 mm)
with graded Ti VFs were fabricated as Ti-HA FGM dental implants through subtractive manufacturing. (D) The Ti-HA FGM dental
implant was placed into the mandibular bone. (b) Density of the sintered samples increased with the increase of Ti VF. (c) The HRA
value gradually increased from 10 to 47 with an increase in slag loading (n =3, **P =0.0005). (d) XRD pattern of 80% Ti-HA alloy. No
additional new phases were observed, indicating that no new phases were formed in the ball milling process. (¢) Concentration of
adsorbed protein on the material surfaces was measured (n =3, **P < 0.0001). (f) Scanning electronic microscopy with energy-dispersive
spectroscopy (SEM-EDS): (A) electron micrographs, (B) Ti, (C) Ca, (D) O, and (E) P. The elements were evenly distributed and did not
exhibit any specific features.
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TABLE 1: Primers used in real-time PCR.
Sense Antisense
ALP 5'-CCCACGTCGATTGCATCTCT-3’ 5'-AGTAAGGCAGGTGCCAATGG-3'
GAPDH 5'-GAGGACCAGGTTGTCTCCTG-3' 5 -GGATGGAATTGTGAGGGAGA-3'
TGF-BRI 5 - ATGGGCTTAGTATTCTGGGAA ATTGC-3’ 5 AGAATGACGAGAACATAACACTAG AGAC-3’
TGE-BRII 5 - TCCTGTTGACTGAGTTGCGATAAT G-3’ 5 -GGTAGCAGTAGAAGATGATGATGA CAG-3’

point-dried with liquid CO, (Hitachi, Tokyo, Japan). The
samples were observed under an XL30 ESEM (FEI Company,
OR, USA).

MC3T3-EI cells were seeded in 12-well plates containing
Ti and Ti-HA disks at a density of 1.0 x 10* cells/well and
incubated for 1, 4, 7, and 14 days. The culture medium and
unattached cells were removed, and the medium was
replaced with a fresh medium every 24 h. The total cell count
was obtained by direct cell counting with a Vi-CELL™ XR cell
viability analyzer (Beckman Coulter, Inc., USA).

Ti cytotoxicity was assayed by seeding the cells in a Cell
Counting Kit-8 (CCK-8) assay containing Ti disks (Longteng
Bio-Science, Shanghai, China). Absorbance was read at
450nm by a microplate reader (BioTek Instruments, Inc.,
Vermont, USA).

Cells were plated at a density of 9 x 10 viable cells per
well in 96-well culture plates and cultured for 24 h in Eagle’s
minimum essential medium- (EMEM-) based complete
medium to allow cell attachment. To evaluate the cytotoxic-
ity of FGM in osteoblasts, MC3T3-E1 cells were exposed to
different FGMs and incubated for 48 and 120 h. Then, lactate
dehydrogenase (LDH) assay was performed using LDH
Cytotoxicity Kit II (Wuhan Amyjet Scientific Inc., China)
in accordance with the manufacturer’s instructions. All tests
were performed in triplicate. The percentage of cytotoxicity
was calculated using the following equation: (test sample -
low control)/(high control - low control) x 100, where the
cells cultured in EMEM plus cell lysis solution represented
the high control while those cultured in EMEM alone repre-
sented the low control.

2.5. Real-Time Quantitative Polymerase Chain Reaction (RT-
qPCR). Protein expression in the medium was detected using
enzyme-linked immunosorbent assay (ELISA) kits (Shanghai
Lengton Biotech, China). Transforming growth factor (TGF-
B1) and alkaline phosphatase (ALP) were measured accord-
ing to the manufacturer’s instructions. Changes in the ALP,
TGEF-f3RI, and TGF-fRII transcriptional levels on different
materials were examined with RT-qPCR. Table 1 lists the
primers used for ALP, TGF-3RI, and TGF-3RII. The cDNA
species were synthesized using Promega M-MLV (Promega,
WI, USA) in accordance with the manufacturer’s instruc-
tions. Real-time PCR was performed using SYBR® Premix
Ex Taq™ (Takara Biotechnology, Shanghai, China) in accor-
dance with the manufacturer’s instructions. Upregulated
genes were confirmed using a StepOnePlus Real-Time PCR
System (Applied Biosystems, USA). Gene expression levels
were normalized to GAPDH expression. The relative expres-
sion level was calculated by AACT of the 2744€T ethod [16].

2.6. In Vivo Animal Studies. The animal study was approved
by the Animal Experimentation Ethics Committee of Zhe-
jiang University. The number of animals was reduced to a
minimum according to the “3Rs” (refinement, reduction,
and replacement) [17]. All experiments were performed in
accordance with the Guidelines to the Care and Use of Exper-
imental Animals. Six 12-month-old beagle dogs (average
weight, 11.3 kg) were selected from the Animal Experimenta-
tion Center of Zhejiang University.

All mandibular premolars and first molars were extracted
bilaterally during the first surgical session. After 3 months of
healing, full-thickness flaps were elevated, and two implants
(Ti-HA FGM and Ti implants; 10 mm length, 4.0 mm diam-
eter) were installed on each side of the mandible in the pre-
molar region (Figure 2(b)). All implants were placed
slightly subcrestal both buccally and lingually to obtain pri-
mary stability as performed in another study [18]. The flaps
were sutured to ensure watertight healing. After surgery, each
animal received amoxicillin (250 mg/day; Hainan Sanye
Pharmaceutical Group Co., Ltd.) and metronidazole tablets
(250 mg/day; Xi'an Fenghua Pharmaceutical Co., Ltd.).
Finally, the dogs were sacrificed at 4, 8, and 12 weeks. The
implant site was removed using a diamond saw.

The biopsies were processed for ground sectioning [19].
Bone regeneration was measured on microcomputed tomog-
raphy (CT) as the bone volume over total volume (BV/TV;
Skyscan 1176, Bruker Micro-CT N.V., Belgium). The bone-
implant contact (BIC) ratio was determined at a three-
dimensional (3D) level and recorded with Evaluation v6.5-3
software (Scanco Medical, Switzerland). A high-speed preci-
sion microtome (Leica 2500E, Germany) was used to obtain
serial sections (150 mm) along the axis of the implants. Sec-
tions were stained with methylene blue/acid fuchsin, and
osteogenesis and bone maturity were assessed under a light
microscope (Leica, Germany). Bone mass was determined
using the image analysis software (Image-Pro Plus 6.0, Media
Cybernetics, Rockville, MD, USA). The parameters (bright-
ness, contrast ratio, and white balance) were constant during
the whole histological examination.

2.7. Statistical Analyses. Statistical analysis was performed
using SPSS for Windows 10 software (IBM SPSS Statistics
for Windows, Armonk, NY, USA). The quantitative variables
for each sample and implant were expressed as mean +
standard deviation. Qualitative variables were statistically
analyzed using one-way analysis of variance (ANOVA),
two-way ANOVA, Tukey’s test for multiple comparison
tests, and Student’s t-test. P < 0.05 was considered statisti-
cally significant.
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FIGURE 2: Animal experiment design and micro-CT scan of Ti-HA FGM dental implants. (a) Design of the animal experiment. Implants were
placed in the mandibles of beagle dogs 12 weeks after the premolars were extracted. After another 12 weeks of healing, the dogs were
sacrificed. (b) Sample perioperative photograph. The dental implants were placed in the healing mandible of the dog. (c) Micro-CT and
X-ray analyses were used to evaluate the changes in bone quality on the mesial and distal side of the implant and the peri-implant new
bone formation at 4, 8, and 12 weeks after implant placement. At 4 weeks, the Ti-HA FGM dental implants had better bone quality
around the implant compared with the Ti group. Up to 12 weeks, more peri-implant new bone formation was observed around the Ti-HA

FGM dental implants than around the Ti implants.

3. Results

3.1. Cell Growth on Ti-HA FGM in Standard Culture
Conditions. SEM pictures showed that the Ti-HA FGM with
different Ti VFs had different surfaces compared with Ti
(Figure 3). The Ti-HA FGMs composed of Ti with lower
VFs had relatively more grooves than those composed of Ti
with higher VFs. MC3T3-E1 cells migrated into the grooves
and attached to the walls of the grooves with pseudopodia,
whereas cells in the Ti group grew only on the surfaces of
the material.

3.2. Cell Viability on Ti-HA FGM in Standard Culture
Conditions. The CCK-8 assay revealed that none of the Ti-

HA groups exhibited cytotoxicity (Figure 4(a)). LDH assay
was used to investigate whether the decreased metabolic
activity of MC3T3-E1 cells after longer FGM exposure was
related to the cytotoxic effects of the FGM (Table 2). After
exposure of cells to composite for 48h, the Ti-HA FGM
showed no significant cytotoxicity towards MC3T3-E1 cells
compared to the pure Ti control group (P =0.812). After
120h of exposure, the rate of cytotoxicity slightly increased
(P =0.920), but the difference was still not statistically differ-
ent. The Ti-HA FGM with higher Ti VF exhibited more cell
growth on the surfaces (Figure 4(b)).

3.3. Osteogenic Ability of the Ti-HA FGM. As shown in
Figure 5(a), osteocalcin (OC) expression was the highest at
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14 days of culture, and the 94% composite showed the high-
est OC expression. The difference in the ALP expression
between the three different groups did not significantly differ
(Figure 5(b)). The Ti VF groups had similar TGF- 31 activity,
which was comparable to that in the Ti group, for 14 days
(Figure 5(c)). The relative OC mRNA transcript levels
showed significant differences in expression at days 1, 4,
and 7, with the highest expression occurring in the 80% Ti
VF on day 7 (Figure 5(d)).

Thus, our findings revealed higher ALP (Figure 5(e)) and
TGF-BRI (Figure 5(f)) transcript levels in the Ti-HA group
than in the Ti group in 7 days, while there was no obvious
change in the TGF-BRII level between the groups
(Figure 5(g)). However, the differences in the relative mRNA
expressions between the different materials were too small to
be of statistical significance.

3.4. Biological Characterization of Ti-HA FGM Dental
Implants. Figure 2(a) presents an illustration of the animal

experiment design. Briefly, all mandibular premolars and
first molars were extracted bilaterally during the first surgical
session. Then, 12 weeks after the premolars were extracted,
two implants were placed on each side of the mandibles of
beagle dogs in the premolar region (Ti-HA FGM and Ti
implants; length: 10mm and diameter: 4.0mm). After
another 12 weeks of healing, the dogs were sacrificed. At 12
weeks after premolar extraction, two implants were placed
on each side of the mandibles of beagle dogs in the premolar
region as shown in Figure 2(b).

After the dogs received the Ti and Ti-HA FGM dental
implants, the primary bone healing parameters were evalu-
ated by micro-CT scan. After four weeks of healing, it can
be seen by the CT scan results that the Ti and FGM implants
were osseointegrated (Figure 2(c)). The newly formed bone
volumes generated by the FGM implants were larger than
those generated by the Ti implants. An X-ray test confirmed
the results of the micro-CT scan. Successful osseointegration
with no fibrous connective tissue between the implant and
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F1Gurke 5: Cell osteogenic ability in standard culture conditions. (a) The OC levels over a 14-day culture period. (b) Over a 14-day period, the
lowest ALP expression in the culture medium occurred in the alloys with the smallest Ti volume, but the expression levels in these groups were
still higher than that in the Ti group (n =3, P =0.53). (c) TGF- 1 activity of the cells on Ti-HA increased steadily at 4 and 7 days. However,
the difference between the groups at 1, 4, 7, and 14 days was not statistically significant (n = 3, P =0.97, 0.89, 0.93, and 0.61, respectively). (d)
OC transcript levels measured on days 1, 4, and 7 of culture showed a significant increase in time, with the highest activity on day 7. * P < 0.05,
**P <0.01,and ***P < 0.001. The ALP transcript levels measured on days 1, 4, and 7 showed a significant increase with time, with the highest
activity observed on day 7 (n =3, P =0.034). (e) The TGF-BRI mRNA level increased with the Ti VF (n =3, P=0.032). (f) The TGF-fRII

mRNA level showed a slight increase (n =3, P =0.432).

the bone was observed in both groups (Figure 6(a)). Histo-
logical analysis demonstrated that Ti-HA FGM had good
osteogenic ability (Figure 6(a)). Bone formation at the
periphery of the implant was clearly increased at 8 weeks
compared with the image at 4 weeks. Haversian canals were
observed in 12-week sections. No fibrous connective tissue
was observed between the implant and the bone. The FGM

dental implant had higher BV/TV values compared with Ti
implants, and this difference was statistically significant
(n=3, P<0.05), which showed the FGM group had more
bone mineral proportion. However, the difference in BIC
between the two groups was statistically nonsignificant, indi-
cating that osseointegration between the two groups was
comparable (Figures 6(b) and 6(c); n = 3, P = 0.0504). Unlike
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Fi1Gurk 6: Histological analysis of Ti-HA FGM dental implants in vivo. (a) (A, B) Images illustrate that the calcified tissues around the implant
were immature (white arrow) and surrounded by vascular spaces. (C, D) Images obtained at week 8 exhibit a higher level of contact between
the implant and the denser osseous structure. (E, F) At week 12 in the Ti group and week 8 in the Ti-HA FGM group, mature osseous tissue
can be seen gradually surrounding the implant surface (green arrow). (b) From weeks 4-12, bone-implant contact (BIC) (%) increased faster
in the Ti-HA FGM group than in the Ti group (n = 3, P = 0.0504). (c) The Ti-HA FGM dental implant exhibited higher BV/TV values (n = 3,
P <0.05).

the cellular experiment, which was significant in the first 4. Discussion

week, the results of this experiment on dogs were inverse,

indicating bone formation occurring over a longer period of ~ Natural biomaterials are functionally graded. The Ti-HA
time. FGM is regarded as the most promising replacement for lost
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dentin. Ti-HA FGM dental implants were fabricated, placed
in canine jaws, and tested in our study. Ti-HA FGM contrib-
utes to the osteogenesis of the dental implant in vivo and
in vitro. In our study, HA was incorporated into the implant
body and not on the surface, effectively utilizing both the
substances, and Ti-HA was fabricated as a compositional dis-
tribution profile.

The titanium alloys have been successfully used for den-
tal implants [20, 21]. Watari et al. placed Ti-HA FGM dental
implants in Wistar rats [22], and that research group subse-
quently improved the FGM [23]. Hedia used the finite ele-
ment method to optimize the Ti-HA FGM dental implant
[24]. In the present study, we modified the Ti-HA implant
for achieving better osteogenesis. Bone formation at the
implant-cell interface is a complex process. Higher protein
adsorption ensures better cell attachment, which is the basis
for osteogenesis. As observed on SEM, the surface morphol-
ogy was rougher in FGM samples with higher HA content
compared to pure Ti samples (Figure 3). Ti-HA FGM
implants can be seen to have deep grooves extending into
the alloy. The MC3T3-E1 cells migrated into the grooves,
and numerous pseudopodia can be seen attached to the walls
of the grooves. Using Ti implants with micrometer-range
grooves might be one approach to optimize implant integra-
tion kinetics and stability in suboptimal clinical conditions.
The present study showed that a rough and porous surface
would enhance osteogenesis (Figure 3), which is consistent
with the findings of a study reported previously [25].

The sandblasted and acid-etched surfaces are the most
commonly used for the construction of dental implants
[26]. However, commercial implants wherein the whole
implants have the same hardness will result in bone resorp-
tion and atrophy around the implants, ultimately leading to
implant mobility and failure [11, 27]. We effectively utilized
HA and Ti to fabricate a FGM compositional distribution
profile to avoid big elastic modulus differences. Ti-HA
FGM exhibited better biocompatibility and bone formation
than Ti (Figure 6).

Bone is essentially a vascularized matrix of organic pro-
teins and inorganic calcium phosphate minerals [28]. The
organic proteins primarily consist of fibrillar collagen type
1 fibers and mineralization-related proteins. Several extracel-
lular matrix proteins are highly acidic, increasing speculation
that they bind Ca®* and initiate calcium phosphate synthesis
to form an HA mineral phase with the Ca®* from the sur-
rounding medium [29, 30]. The data in this study demon-
strate that the expression levels of OC, ALP, and TGF-pf1
were lower in the specimens with lower HA and higher Ti.
HA contained in the base might provide a good environment
for calcification. OC, ALP, and TGF-f1 are proven bio-
markers of osteogenic differentiation. ALP enzyme activity
has been exhibited to increase in the early stages of osteo-
genic commitment, and ALP activity upregulation during
osteogenic differentiation is related to the number of osteo-
genic committed progenitor cells [31]. Similarly, TGF-p1
has been found to increase the presence of osteoblast differ-
entiation markers (Runx2, Opn, and Coll) [32].

However, the differences in relative RNA expressions
were too small to be significant in the present study. Surface
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topography exerts influence on the formed bone, and miner-
alized products can be guided by the metal surface topogra-
phy. Our results indicated that the genes that encoded bone
formation-related proteins were upregulated in the Ti-HA
FGM.

Although BV/TV values are not related to osteointegra-
tion, they showed that the Ti-HA FGM had a higher bone
mineral proportion. Micro-CT scan results and histomor-
phometric analysis results indicated that the Ti-HA FGM
dental implants were superior to Ti implants in terms of bio-
logical characterization at the 12-week time point. The differ-
ence might have been greater if they had longer healing time
and bite force loading for better stress distribution. The
in vivo sample size is acceptable to draw a conclusion. We
used six dogs and evaluated them at three time points,
sacrificing two dogs at each time point, and this included
the control. It was a trial model, and the P values were calcu-
lated to determine the required sample size. The number of
animals was reduced to a minimum according to the “3Rs”
[17]. Significant differences in the cellular experiment were
revealed in the first week, while differences in the animal
experiment became significant only in the third month; this
might be because bone formation requires a longer duration.

We fabricated cylindrical implants using additive
manufacturing technology. In the future, 3D printing tech-
nology may be used for FGM implant manufacturing. The
present study may provide useful information in the
improvement of present biomaterials and the discovery of
future novel biomaterials.
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