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Introduction: Ti6Al4V titanium alloy is widely used in producing orthopedic and
maxillofacial implants, but drawbacks include high elastic modulus, poor
osseointegration performance, and toxic elements. A new medical titanium alloy
material with better comprehensive performance is urgently needed in the clinic.

Methods: Ti10Mo6Zr4Sn3Nb titanium alloy (referred to as Ti-B12) is a unique
medical ß titanium alloy material developed by us. The mechanical properties of
Ti-B12 depict that it has advantages, such as high strength, low elastic modulus,
and fatigue resistance. In our study, the biocompatibility and osseointegration
properties of Ti-B12 titanium alloy are further studied to provide theoretical
guidance for its clinical transformation.

Results and Discussion: The titanium alloy Ti-B12 displays no significant effect on
MC3T3-E1 cell morphology, proliferation, or apoptosis in vitro. Neither Ti-B12
titanium alloy nor Ti6Al4V titanium alloy depicts a significant difference (p > 0.05);
Ti-B12 material extract injected into the abdominal cavity of mice does not cause
acute systemic toxicity. The skin irritation test and intradermal irritation test reveal
that Ti-B12 does not cause skin allergic reactions in rabbits. Compared to Ti6Al4V,
Ti-B12 titanium alloy material has more advantages in promoting osteoblast
adhesion and ALP secretion (p < 0.05). Although there is no significant
difference in OCN and Runx2 gene expression between the three groups on
the 7th and 14th days of differentiation induction (p > 0.05), the expression of Ti-
B12 group is higher than that of Ti6Al4V group and blank control
group. Furthermore, the rabbit in vivo test present that 3 months after the
material is implanted in the lateral epicondyle of the rabbit femur, the Ti-B12
material fuses with the surrounding bonewithout connective tissuewrapping. This
study confirms that the new β-titanium alloy Ti-B12 not only has low toxicity and
does not cause rejection reaction but also has better osseointegration
performance than the traditional titanium alloy Ti6Al4V. Therefore, Ti-B12
material is expected to be further promoted in clinical practice.
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1 Introduction

For decades, Ti6Al4V has been one of the most widely used
materials for orthopedics and oral implants due to its lightweight,
corrosion resistance, fatigue resistance, and non-toxic and non-
magnetic properties (Trevisan et al., 2018; Xi and Wong, 2021).
However, clinical studies have found complications, such as
loosening and displacement of the Ti6Al4V implants (Liu
et al., 2019; Gkiatas et al., 2021). The reason is closely related
to the defect of Ti6Al4V (Jing et al., 2020; Zhan et al., 2020; Zheng
et al., 2020). Firstly, as compared to cortical bone (17–20 GPa)
and cancellous bone (about 4 GPa), Ti6Al4V has an elastic
modulus of about 110 GPa (Murr, 2017). A higher elastic
modulus will cause a “stress shielding” effect (Pehlivan et al.,
2020), causing excessive stress on the local cortical bone and low
stress on the underlying bone, leading to osteolysis. Second,
Ti6Al4V is a bioinert material without biological activity and
osteoinducibility, and it is challenging to osteointegrate with
surrounding bone tissues after implantation in the human
body (Backes et al., 2021; Su et al., 2021). Additionally, these
alloys use two toxic elements, V and Al. Studies have confirmed
that V even shows higher toxicity than Cr and Ni and will
accumulate in various organs after long-term implantation,
which can induce cancer (Mello et al., 2019). However, the
element Al enters the human body in the form of Al salt,
which causes organ damage and side effects such as bone
softening, nervous system disorder, and anemia (Willis et al.,
2021). Al element may be related to Alzheimer’s disease (Vojdani,
2021).

Because of the defects of Ti6Al4V materials, domestic and
foreign researchers have been committed to researching and
developing new medical titanium alloys with better
comprehensive properties (Sarraf et al., 2022; Szczesny et al.,
2022). In the mid-1990s, Switzerland and Germany successively
developed the second generation of medical titanium alloys
Ti6Al7Nb and Ti5Al2.5Fe, which replaced V with Nb and Fe.
However, these two alloys still contain an Al element that has
adverse reactions to the human body, and the elastic modulus is
still as high as 4~10 times that of bone tissue. The mismatch
between the mechanical properties of implant and bone tissue
was unsolved. Recently, researchers have begun to focus on new ß
titanium alloys (Nadammal et al., 2022; Sing, 2022; Vonavkova
et al., 2022). This material can retain the unstable phase, such as
the sub-stable ß phase or martensite structure, at room
temperature, giving the material good processing plasticity
and toughness. Adjusting the microstructure of material
through post-processing, heat treatment, strength, toughness,
elastic modulus, corrosion resistance, wear resistance, and
fatigue properties can be significantly enhanced (Sidhu et al.,
2021).

Additionally, Zr, Mo, Sn, Ti, Ta, Nb, Pd, Hf, and other non-
toxic elements to human tissue are used in the new β-type
titanium alloy to improve biocompatibility (Sidhu et al., 2021).
The United States, Japan, Russia, and other countries have made
some achievements in the research and development of
biomedical β-type titanium alloys, such as Ti12Mo6Zr2Fe,
TiNbTaZr, and Ti51Zr18Nb. These β-type titanium alloys
have been successively applied in the medical field.

Using non-toxic elements, we developed a novel ß type of
biomedical titanium alloy -- Ti10Mo6Zr4Sn3Nb, referred to as
Ti-B12, and obtained the national invention patent
(ZL.201110184053.X) (Cheng et al., 2020). Mechanical tests
demonstrate that when the elastic modulus of Ti-B12 titanium
alloy is as low as 50 GPa, the tensile strength is about 970 MPa,
and the elongation can reach more than 40%, which has obvious
advantages over pure Ti. The elastic modulus is about 60.7 GPa
when the tensile strength reaches 1,010 MPa, while the elongation of
material can still reach 15%, which is much less than Ti6Al4V.
Additionally, Ti-B12 titanium alloy can obtain high strength, low
modulus, and excellent comprehensive mechanical properties that
match degree through the ‘martensite transition’ and the
intermediate transition phase "ω phase” in the process of
processing and heat treatment. Hence, it shows good
biomechanical compatibility under static conditions. The Ti-B12
titanium alloy still has a high fatigue strength limit (σN ≥500 MPa,
the number of cycles is 107) and recoverable strain (εmax-R≤2.25%)
after cyclic loading and fatigue test, which is conducive to the
implant material maintaining its original excellent biomechanical
compatibility under long-term dynamic loading conditions. The
results of this study illustrate that the biocompatibility of Ti-B12
titanium alloy is superior to that of Ti6Al4V material. However, it
has better bone integration properties and is an excellent medical
titanium alloy material, which is expected to achieve clinical
transformation in the future.

2 Methods

2.1 Statement of animal rights

Procedures for the care and use of animals were approved by the
Ethics Committee of the First Hospital of Xi’an Jiaotong University
(2022-196). All applicable institutional and governmental
regulations concerning the ethical use of animals were followed.

2.2 Alloy design and composition

The biomedical metastable β-type titanium alloy with
independent intellectual property rights of the Northwest
Institute of Non-ferrous Metals was selected as the
experimental material. Zero-grade small-particle sponge
titanium, industrial grade sponge zirconium (Zr-1), Ti-32Mo,
Ti-60Sn, and Nb-47Ti intermediate alloys were selected for three
times melting by consumable vacuum arc melting furnace to
ensure the uniform chemical composition of alloy ingot and
avoid the occurrence of composition segregation and high and
low-density inclusion. The measured results of chemical
composition of Ti-B12 alloy ingot are as follows: Mo: 10.1%,
Zr: 6.05%, Sn: 4.11%, Nb: 2.98%, O: 0.19%. The transus
temperature is about 765 °C by conventional quenching
metallography. Under the condition of 1,000 °C, using a 1-ton
air-free forging hammer, the alloy ingot was upset and pulled
many times to break the coarse cast structure, and finally, the
square bar of 50 × 50×L mm was obtained. Under 850 °C, the
transverse pass mill was used to roll the bar. After peeling and
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straightening, the alloy bar with a diameter of 8 mm was finally
obtained. The synthesis process is shown in Figure 1.

2.3 Materials preparation

Using a numerical control lathe and Edm wire cutting
equipment, a disc with a diameter of 8 mm and thickness of
1 mm and a cylinder with a diameter of 5 mm and height of
10 mm were manufactured, which were used for the
comprehensive evaluation experiment of biocompatibility and
bone integration performance. Ti6Al4V was used as the control
material. All samples were cleaned by ultrasonic wave with distilled
water, acetone, 95% ethanol, and distilled water in turn, each step for
30 min. The above operation was repeated three times. The cleaned
samples were autoclaved at 121 °C for 40 min, dried in a vacuum,
and put into sterile tubes for subsequent cell and animal
experiments.

2.4 Biocompatibility of Ti-B12

2.4.1 Cell morphology observation and
proliferation experiment

The sterilized Ti-B12 and Ti6Al4V materials were placed in
sterile Petri dishes, and the growth medium containing α-MEM
medium (Cellmax), 10% FBS (MRC), and 1%
penicpstreptomycin mixture (Solarbio) was added and placed
in the cell incubator for 72 h to prepare the extract. MC3T3-E1
cells in the logarithmic growth phase were collected and seeded in
96-well cell culture plates at 1×105 mL-1 (100 μL per well). They

were divided into three groups: A, B, and C, with five wells set at
each time point in each group. The culture medium was changed
after 24 h in the cell incubator. Groups A and B were added with
200 μL of Ti-B12 and Ti6Al4V material extract, respectively.
Group C was added with an ordinary growth medium, which
was changed every 3 days. At 1, 3, and 7 days, cell growth status
was observed by microscope and photographed, and then cell
proliferation rate was detected by the Cell Counting Kit 8 (CCK8)
kit (Biyuntian, Shanghai, China).

2.4.2 Cell apoptosis assay
MC3T3-E1 cells in good growth state were inoculated into sterile

6-well plates containing TI-B12 and Ti6Al4V, respectively, at the
concentration of 1 × 105 mL-1, and each well was inoculated with
3 mL. In the blank control group, only osteoblasts were inoculated
with three multiple wells in each group, and cells were cultured in
the cell incubator for 24 h. Annexin V-PE/7-AAD Apoptosis
Detection Kit (Yeasen) was used to detect cell apoptosis by flow
cytometry.

2.4.3 Acute systemic toxicity test
A total of twelve healthy adult male mice were randomly

assigned to three groups, Ti-B12 group, Ti6Al4V group, and
control group, each consisting of four mice. The ethics
committee of Xi, a Jiaotong University, approved the experiment.
According to the systemic toxicity detection method of national
standard GBT 16886.11-1997, mice in Ti-B12 group and Ti6Al4V
group were intraperitoneally injected with metal material normal
saline extract (50 mL kg-1), while mice in the control group were
intraperitoneally injected with normal saline (50 mL kg-1). Status,
body weight, toxic reactions, and the number of dead mice were

FIGURE 1
Synthesis process of Ti-B12 titanium alloy.
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observed daily for 5 days after injection. According to its
manifestations, acute systemic toxicity can be classified into non-
toxic, mildly toxic, moderately toxic, severely toxic, and death.
Table 1 illustrates the specific evaluation indicators.

2.4.4 Skin irritation test
Six adult male New Zealand white rabbits, weighing 2.5–3 kg,

were provided and raised by the Laboratory Animal Center of
Xi’an Jiaotong University. Before the experiment, hair on both
sides of the rabbit spine was removed (about 10 × 15 cm), and the
two materials were placed in the hair removal area on both sides
of the spine, respectively. The material surface was covered with
2.5 × 2.5 cm gauze, soaked with 0.9% normal saline, and fixed
with bandages for 4 h. After removing the materials, the skin
conditions at the contact sites on both sides of the skin were
continuously observed for 1, 48, and 72 h, and the type of skin
irritation response was evaluated according to the scoring system
(Tables 2, 3).

2.4.5 Intradermal stimulation test
After sterilization, Ti-B12 and Ti6Al4V materials were placed

into sterile six-well plates, 0.9% normal saline (polar extract) and
olive oil (non-polar extract) were added, and placed in an incubator
for 72 h to obtain the material extract. Six adult male New Zealand
white rabbits, weighing 2.5–3 kg, were provided by the Laboratory
Animal Center of Xi’an Jiaotong University. Before the experiment,
the hair on both sides of the rabbit spine (about 10 × 15 cm) was
removed, and six injection points were set on both sides. The test
material saline extract and normal saline were injected at six
intradermal injection points before and after one side of each
rabbit spine. Olive oil extract of the same material and olive oil
was injected at six intradermal injection points before and after the
other side. Skin conditions at each injection site were recorded at 1,
48, and 72 h after injection and the types of intradermal stimulation
responses were evaluated according to the scoring system
(Tables 2, 3).

2.5 Osteointegrative properties of Ti-B12

2.5.1 Osteoblast adhesion ability
Cell adhesion was detected by acridine orange staining and cell

counting. MC3T3-E1 cells at a concentration of 1×105 mL-1 were
seeded in sterile 24-well plates containing Ti-B12 and Ti6Al4V,
respectively, with 1 mL per well. Acridine orange staining was
performed at 1, 3, and 5 h of co-culture, respectively. Three re-
wells were set for each material and each time point.

2.5.2 Osteoblast adhesion status
MC3T3-E1 cells in the logarithmic growth phase were seeded in

sterile 12-well plates with Ti-B12 and Ti6Al4V materials at a
concentration of 1×105 mL-1 and incubated at 37 °C, 95% relative
humidity, and 5% CO2 for 72 h. Before scanning electron
microscopy, the culture was terminated for fixation, dislocation,
critical point drying, and gold spraying.

2.5.3 Detection of IL-6 secretion
MC3T3-E1 cells were seeded at a concentration of 1×105 mL-1

were seeded in 24-well plates containing Ti-B12, the Ti6Al4V group,
and the control group. Each time point of each group was set with
three re-holes. Cells were cultured in the cell incubator for 2, 4, and
6 days, respectively. At the end of culture, 10 μL of cell culture
medium was taken to detect the concentration of IL-6 according to
the interleukin 6 (IL-6) ELISA kit (Biyuntian, Shanghai, China).

2.5.4 Alkaline phosphatase activity
MC3T3-E1 cells in the logarithmic growth phase were digested

in a cell suspension and seeded in a 24-well plate containing two

TABLE 1 Evaluation criteria for systemic toxicity.

Toxicity level Performance of toxicity

Non-toxic No symptoms of toxicity were observed

Mild poisoning The symptoms were mild, without reduced movement or dyspnea

Moderate poisoning Symptoms of abdominal irritation were obvious, with less exercise, dyspnea, drooping eyelids, diarrhea, and significant weight loss to 15–17 g
or 20% ± 3% of body weight loss

Severe poisoning Respiratory failure, cyanosis, tremors, severe abdominal irritation. Eyelids droop, and weight drops to less than 15 g

Death Death after injection

TABLE 2 Skin and intradermal stimulation response scoring system.

Type 0 1 2 3 4

Erythema and
eschar

No
erythema

Very subtle
erythema

Clear erythema Moderate erythema Severe erythema (purple-red) to eschar formation

edema No edema Very subtle
edema

Clear edema (swelling, not beyond
the edge of area)

Moderate edema (swelling
about 1 mm)

Severe edema (swelling of more than 1 mm,
beyond the range of application)

TABLE 3 Type of stimulus-response.

Reaction type Very mild Mild Moderate Severe

The average score 0–0.4 0.5–1.9 2.0–4.9 5.0–8.0
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types of materials at a concentration of 1×105 mL-1. The blank
control group contained no materials. Three re-wells were set for
each time point in each group. The cells were incubated at 37 °C and
5% CO2 for 1, 3, and 5 days, respectively. At the time of termination
of culture, 10 μL of cell culture medium sample was taken to detect
ALP concentration according to the instruction of ALP ELISA kit
(Biyuntian, Shanghai, China).

2.5.5 Expression of osteogenic related genes
The growth medium was replaced with an osteogenic

differentiation medium after 24 h in the Ti-B12, Ti6Al4V, and
blank control groups, and the growth medium was replaced
every 3 days. After 7 and 14 days of induction, the culture
medium was carefully sucked and discarded, the branch samples
were washed twice with PBS, RNA was extracted, and osteogenic-
related genes (ALP, OCN, and Runx2) were detected by RT-PCR.
Table 4 illustrates the primer sequences.

2.5.6 Osteoblast mineralization
MC3T3-E1 cells were seeded in 12-well plates containing Ti-

B12, Ti6Al4V, or not at a cell concentration of 1×105 mL-1. After
24 h, the medium was changed to osteoblast mineralization medium
(α-mem medium containing 10% FBS, 10 mmol/L β-sodium
glycerophosphate, 10 nmol/L dexamethasone, and 50 mg/L
vitamin C). The mineralized medium was changed every 3 days.
After 30 days of culture, the medium was discarded, and the bottom
of well and the material were washed three times with PBS, fixed
with 4% paraformaldehyde for 30 min, and stained with 40 mmol.L-
1 alizarin red for 20 min. Calcified nodules after staining were
observed under an inverted microscope. Finally, 10%
cetylpyridine chloride was added to dissolve mineralized nodules,
and absorbance was detected at a wavelength of 590 nm.

2.5.7 In vivo experiments on animals
Ten adult male New Zealand white rabbits weighing 2.5–3 kg were

divided into two groups, group A was implanted with Ti-B12 material,
and group B was implanted with Ti6Al4V material. After
administration of pentobarbital through the ear vein, the epicondyle
of both rabbit femurs of rabbits was exposed, and a hole was made
perpendicular to the femur with a 2.0 g Schner wire. The sterilized
material was implanted and sutured layer by layer (Figure 2). Penicillin
(10,000 U.kg-1) was used to prevent infection 3 days after the operation,
and anX-ray examinationwas performed 3 months after the procedure.
Three months after the operation, the animals were sacrificed by
overdose of anesthesia to obtain specimens for hard tissue sections
to observe bone growth around the material. The production process of
hard tissue section is rough as follows: the femur specimen containing

titanium alloy ismade into a resin block after formalin fixation, gradient
alcohol dehydration, and resin immersion. A diamond band saw was
used to cut the resin blocks into sheets with a thickness of 200–300 μm,
and the sheets were cleaned and adhered to the resin slides. The sample
was ground to a thickness of approximately 50 µm using an EXAKT
tissue mill (E400CS), and the sample surface was polished and stained
with toluidine blue. The prepared sections were observed under a
microscope.

2.6 Statistical analysis

Data were expressed as mean ± standard deviation (SD) and
analyzed statistically using one-way analysis of variance (ANOVA).
Differences between the two groups and each time point were
analyzed by independent sample t-test. The significance level of
data is set at p < 0.05.

3 Results

3.1 Biocompatibility of Ti-B12

3.1.1 Cell morphology observation and
proliferation experiment

MC3T3-E1 cells grew well in Ti-B12 material extract, Ti6Al4V
extract, and blank control group, but no significant differences in cell

TABLE 4 The upper and lower primer sequences.

Gene The upper primer sequences The lower primer sequences

ALP 5′-gaggtcacatccatcctgcgctgg-3′ 5′-gagtaccagtcccgatcggccgag-3′

OCN 5′-ctgctcactctgctgaccctggct-3′ 5′-gctttgtcagactcagggccgctg-3′

Runx2 5′-gcaacaagaccctgcccgtgg-3′ 5′-gaaactcttgcctcgtccgctccg-3′

GAPDH 5′-atcactgccacccagaagac-3′ 5′-gtgagtttcccgttcagctc-3′

FIGURE 2
The prostheses were implanted in the lateral epicondyle of the
rabbit femur.
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morphology were observed at each time point. On the first day, the
cells adhered to the wall and grew in spindle shape or dendritic
shape. On the third day, the cells increased significantly, grew
rapidly, and the refractive index was strong. On the seventh day,
the cells were in good condition, with entire cytoplasm and an
increased number, almost covering the bottom of pore (Figure 3).

Figure 4A presents that cells in the three groups proliferated
with the increase in culture time. Although the Ti-B12 group
demonstrated a higher proliferation rate than the Ti6Al4V and
blank control groups, there was no significant difference (p > 0.05).
Therefore, MC3T3-E1 cells can proliferate normally in Ti-B12
material extract, which meets the cytotoxicity requirements of
biomedical materials and products.

3.1.2 Cell apoptosis assay
Figure 4B displays the flow cytometry detection results, where

quadrants B1, B2, B3, and B4 depict the proportion of necrotic cells,
middle and late apoptotic cells, viable cells, and early apoptotic cells
in all cells, respectively. Statistical analysis of the early apoptosis rate
of three groups found that the early apoptosis rate of the Ti-B12
group, the Ti6Al4V group, and the blank control group was similar
(Figure 4C), and there was no statistical difference (p > 0.05). The

results revealed that Ti-B12 alloy did not induce early apoptosis of
osteoblasts and had good biological activity.

3.1.3 Acute systemic toxicity test
All mice were observed after injection. Within 5 days, the weight

of mice in the three groups increased continuously (Figure 4D), and
no symptoms of peritoneal irritation, respiratory depression,
decreased movement, cyanosis, diarrhea, tremor, or death
occurred. It can be concluded that Ti-B12 meets the
requirements of biological materials and products.

3.1.4 Skin irritation test
Figure 5A presents that erythema, eschar, and edema did not

appear in the application site of Ti-B12 and Ti6Al4V materials in 1,
48, and 72 h, and their scores were all 0. The type of stimulation
reaction was very mild, which met the requirements of the skin
irritation experiment with biological materials and products.

3.1.5 Intradermal stimulation test
Figure 5B presents that the skin at the injection site

demonstrated no erythema, eschar and edema at 1, 48, and 72 h
after intradermal injection of polar and non-polar extracts of Ti-B12

FIGURE 3
MC3T3-E1 Cell morphology observation of three groups on the 1st, 3rd, and 7th days.
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FIGURE 4
Ti-B12 biocompatibility test in vitro. (A) MC3T3-E1 cell proliferation assay by CCK8. (B) cell apoptosis assay by flow cytometry. (C) comparison of
early apoptosis rate among three groups. (D) weight changes in three groups of mice.

FIGURE 5
(A) skin irritation test. (B) intradermal stimulation test.
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and Ti6Al4V materials; this was the same as the performance after
the intradermal injection of polar and non-polar control solvents,
with an average score of 0; this indicates that Ti-B12 meets the
requirements of subcutaneous stimulation of biological materials
and products.

3.2 Osteointegrative properties of Ti-B12

3.2.1 Osteoblast adhesion ability
The number of adherent cells on the surface of twomaterials was

counted under a fluorescence microscope (Figure 6), and the
number of adherent cells of Ti-B12 and Ti6Al4V increased with
the extension of culture time. At different times, the number of
adherent cells on the surface of Ti-B12 material was higher than that
of Ti6Al4V material. It can be seen that Ti-B12 has a better adhesion
capacity for osteoblasts.

3.2.2 Osteoblast adhesion status
Scanning electron microscope observation of cells on the surface

of Ti-B12 and Ti6Al4V demonstrated that a large number of
MC3T3-E1 cells were attached to the surface of the material,
which was elongated and spindle-shaped, with many
pseudopodia, and the growth status of the cells was good
(Figure 7). The number and morphology of Ti-B12 adhesion cells
were significantly better than that of Ti6Al4V, indicating that Ti-B12
material was more conducive to osteoblast adhesion.

3.2.3 Detection of IL-6 secretion
The IL-6 content in the supernatant of the three groups was

compared and analyzed at each time point. As we can see from the
results (Figure 8A), there was no significant difference in IL-6

secretion between the two alloys and the blank control group at
2, 4, and 6 days of culture (p > 0.05); this indicates that the Ti-B12
titanium alloy does not stimulate osteoblast secretion of IL-6 and
does not increase the immunogenic response.

3.2.4 Alkaline phosphatase activity
Compared to the Ti6Al4V group (Figure 8B), the expression of

osteoblast alkaline phosphatase in the Ti-B12 group was
significantly increased on the third and fifth day of culture (p <
0.05) but also significantly higher than the blank control group on
the third day (p < 0.05), indicating that the Ti-B12 alloy had a better
promotion effect on early differentiation of osteoblasts.

3.2.5 Expression of osteogenic related genes
Figure 8C presents that on the seventh day of differentiation

induction, ALP gene expression in Ti-B12 group was highest in the
three groups (p < 0.05). ALP gene expression in Ti-B12 group was
higher than that in the blank control group on day 14 of induced
differentiation (p < 0.05). Although there were no significant
differences in the expression of the OCN and Runx2 gene
between the three groups at 7 and 14 days after differentiation
induction (p > 0.05), the expression of the OCN and Runx2 gene
in the Ti-B12 group was higher than that in the Ti6Al4V group and
the blank control group.

3.2.6 Osteoblast mineralization
The results revealed that the deposition of calcium salt was

significantly more in the Ti-B12 group than in the Ti6Al4V group
and the blank control group (p < 0.05), and there was no significant
difference between the latter two groups (p > 0.05), indicating that
Ti-B12 material has a better promotion effect on osteoblast
mineralization in vitro (Figures 9A, B).

FIGURE 6
The adhesion ability of MC3T3-E1 on the surface of osteoblasts of two materials was observed under a fluorescence microscope.
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3.2.7 In vivo experiments on animals
Figure 10A displays the X-ray examination results 3 months

after the operation, showing that both alloys were perfectly
embedded in the lateral epicondyle of femur, and no peeling or
displacement was found. The samples were well integrated with the
surrounding bone, and no osteoporosis or inflammation was
observed. Figure 10B presents the toluidine blue staining results
of hard tissue sections of experimental rabbits 3 months after
implantation of different alloys into the lateral epicondyle of
femur. It was observed that the two alloys were closely bound to
bone and that no connective tissue was found at the junction
between the material and bone. However, the contact rate of
bone tissue around Ti-B12 titanium alloy is better than that of
Ti6Al4V.

4 Discussion

Titanium alloys are widely used in orthopedic implants due to
their good biocompatibility and mechanical properties (Kaur and
Singh, 2019). However, some studies illustrated that Ti6Al4V (α+β
titanium alloy), commonly used in clinical practice, has the
drawbacks of excessive elastic modulus and toxic elements
(Ottria et al., 2018). Therefore, many scholars have researched to
exploit titanium-based materials with non-toxic and mechanical
properties matching natural bone (Bedouin et al., 2019; Shi et al.,
2021). To achieve this goal, the effects of different β-stabilizers such
as Ta, Zr, Mo, and Nb on the properties of tailored titanium alloys

have attracted the great attention of researchers (Mendes et al., 2016;
Zhao et al., 2018; Zhang et al., 2021). These β-stabilizers have good
shape memory effects, superelasticity, and a low Young modulus in
titanium alloys. It can be seen from the recently published literature
that the development of β-titanium alloy materials without Al and V
elements has been a research hot spot (Kaur and Singh, 2019). Our
group developed a new β-titanium alloy Ti-B12 with high strength
and low elastic modulus using Mo, Zr, Sn, and Nb β stabilizers.
Preliminary mechanical tests have also confirmed that the new
material has excellent mechanical properties. However, the
ultimate goal of customized β-Ti alloys is to obtain alloy
properties similar to the physiological properties of tissues, which
requires the new materials to have excellent mechanical properties,
as well as excellent biocompatibility and osseointegration properties.
Therefore, this study aims to identify the biological properties of Ti-
B12 titanium alloy and provide theoretical guidance for its
application in orthopedic implants.

Using biological materials replaces or repairs living tissues to
enhance organ and tissue functions and treat diseases. The premise
of its function is implantation in the human body. Therefore, in
addition to providing specific functions, good biocompatibility is the
basic condition that biomaterials must meet (Rahmati andMozafari,
2019; Shahi et al., 2019). Biocompatibility refers to the reaction of
medical materials and human tissues when interacting (Apostu
et al., 2018). After the biological material is implanted into the
human body, the implant is subjected to the fatigue of body fluids
and various external forces. The material components will enter the
human body due to corrosion or wear. Biocompatibility in cells

FIGURE 7
Observation by scanning electron microscope of MC3T3-E1 cells on the surface of Ti-B12 and Ti6Al4V.
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means that the material has little or no cytotoxicity and does not
cause cell necrosis or apoptosis. In the body, the local rejection of the
contact site is small and does not cause local congestion, edema,
erythema, and other inflammatory and allergic reactions. The
overall response of tested animals is good, and no systemic
symptoms such as agitation, anorexia, or even death occur. In
vivo and in vitro experiments are essential components of the
biocompatibility evaluation of medical materials. Using in vivo
experiments, the biocompatibility of material is evaluated by
inflammation, allergy, and other reactions of body tissue. The
advantage of in vivo experiments is that the whole organism is
used as the test object, and the result is similar to that of the
implanted human body. However, it is difficult to distinguish the
influence of complex factors on the experimental results. The in vitro
experiment refers to the direct study (material itself) or indirect
study (material extract) study of the effect of material effect on the
growth, differentiation, or activity of tissue cells (Declercq et al.,
2004). In vivo experiments need to consider the complexity of
biological systems, and it is difficult to analyze a single factor
objectively. Therefore, in vitro experiments are more sensitive to
distinguishing biotoxicity and its effects on tissues and cells. Some
studies revealed that some medical materials depict mild toxicity
in vitro experiments but show good biocompatibility in vivo
experiments (Suggs et al., 1999; Xie et al., 2016). This difference

may be because cytotoxic substances released by material
degradation are attenuated or eliminated by the complex
biological regulatory system of the subject, thus masking their
toxic effects. Therefore, only in vivo experiments cannot fully
reflect the biocompatibility of tested materials. In vivo and
in vitro experiments can counteract the influence of complex
factors in the body to some extent and more fully reflect the
impact of materials on cells.

To detect the toxicity of Ti-B12 material, MC3T3-E1 cells were
cultured with Ti-B12 material extract, and cell morphology and
proliferation were detected. At the same time, MC3T3-E1 cells and
Ti-B12 were co-cultured, and cell apoptosis was detected by flow
cytometry. Compared to the Ti6Al4V group and the blank control
group, Ti-B12 material did not cause abnormal growth and
apoptosis of MC3T3-E1 cells and had no adverse effect on cell
proliferation rate. These results indicate that Ti-B12material has low
toxicity and meets the toxicity requirements of biological materials.

The implantation of biomaterials is like a foreign object invasion
or trauma to the body, so it is necessary to evaluate the local and
systemic reactions of materials in contact with the body. We injected
the saline extract of Ti-B12 material into the abdominal cavity of
mice and observed them for five consecutive days. No adverse
reactions such as diarrhea, cyanosis, decreased exercise, and
weight loss was found in mice. Additionally, the skin irritation

FIGURE 8
Detection of osteogenic properties in vitro. (A) detection of IL-6 secretion. (B) comparison of alkaline phosphatase activity. (C) expression of
osteogenic-related genes.
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experiment was carried out by directly contacting Ti-B12 with rabbit
skin. The intradermal irritation experiment was conducted by
injecting the Ti-B12 saline and olive oil extract into rabbit skin.
The above studies demonstrated no erythema, lump, or swelling of
the skin at the contact and injection sites, as in the Ti6Al4V group
and the blank control group, with a score of 0, indicating that Ti-B12
implantation would not cause rejection.

Currently, some metal ions in commonly used medical alloy
materials have a certain toxic effect on the human body. For
example, Cr and Co have greater cytotoxicity and are metal
metamorphosis sources. Ni can limit the growth of fibroblasts
but also may cause allergic reactions or cancer; Al is neurotoxic,
and V may be teratogenic or carcinogenic. However, Ti, Nb, Zr,
Mo, Sn, and Nb are non-toxic or low-toxic elements. Yamamoto
et al. reported that the toxicity of Nb to osteoblasts and fibroblasts
was very low (Yamamoto et al., 1999). Zr might significantly
improve osteoblast adhesion (Sista et al., 2013), which is
currently marketed as Roxolid (Straumann, Basel,
Switzerland). Sn has been found non-toxic and non-allergic
(Niinomi, 2003). Thus, Tin (Sn) seems to be an alloying
element that is safe to use with Ti. In several previous studies,
Moelements h shown good biocompatibility. The components of
Ti10Mo6Zr4Sn3Nb alloy are all elements with good
biocompatibility. The research results also present that the

material has good biocompatibility and meets the safety
standards of biological materials.

The osseointegration performance of orthopedic implant
material refers to the bony fusion of material with surrounding
bone without connective tissue growth, which can improve the
binding force of the material-bone interface and ensure the long-
term stability of the prosthesis. Osteoblasts are one of the most
important cells in bone tissue repair. An osteoblast adheres to the
surface of a material which is essential for osseointegration. Acridine
orange cell staining can count the number of cells, distinguish
normal growth, apoptotic, and necrotic cells, and depict the
growth state of cells. The results of acridine orange cell adhesion
assay revealed that when MC3T3-E1 cells were co-cultured with Ti-
B12 alloy, osteoblasts could adhere to the surface of alloy, and the
number of adherent cells was higher than that of Ti6Al4V alloy (p <
0.05), thus it can be proved that Ti-B12 alloy has better adhesion
ability to osteoblasts.

Further verification of the adhesion of the Ti-B12 alloy to
osteoblasts was performed using scanning electron microscopy to
evaluate the osteoblast morphology adhering to the material surface.
Most osteoblasts adhered to the material in the form of elongated
spindles, with more pseudopodia, and the cell growth status was
good, which was more than that of the Ti6Al4V group. These results
indicated that Ti-B12 was more conducive to osteoblast adhesion.

FIGURE 9
Osteoblast mineralization. (A) calcium salts in mineralized nodules were stained dark red by alizarin red staining, shown by the red arrow. (B)
quantitative determination of calcium salt deposition.
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ALP is an essential indicator for detecting the degree of
osteoblast differentiation of osteogenic cells, which has a high
content in bone tissue and plays a key role in the calcification
process (Vimalraj, 2020). Osteoblast function can be evaluated by
measuring ALP secretion and is also a specific index for evaluating
tissue calcification ability and osteoblast activity (Nakamura et al.,
2020). The ALP content test of osteoblasts demonstrated that
osteoblasts in the Ti-B12 group secret more ALP than the
Ti6Al4V and blank control groups (p < 0.05); this indicated that
the alloy could enhance the secretion of ALP in osteoblasts. ALP was
expressed in the process of formation and maturity of extracellular
bone matrix expression, OCN expression in the bone matrix
mineralization process is the main index of osteogenetic
differentiation, and Runx2 is one of the important transcription
factors for osteogenesis cell differentiation throughout the various
stages of the directional differentiation process, the main control cell
division cycle, and other transcription factors also play a role. This
study illustrated that gene expression levels for ALP, OCN, and
Runx2 demonstrated no significant difference between Ti-B12
group, Ti6Al4V group, and blank control group at 7 and 14 days
after induction of differentiation. However, the Ti-B12 group was
slightly higher than the latter two, indicating that Ti-B12 alloy has
more advantages in promoting osteogenic differentiation.

Mineralized nodules are the final expression of the osteogenic
phenotype of osteoblasts in vitro (Park et al., 2021) and are also
characteristic indicators of mineralizedmatrix formation. Therefore,
the study of terminal differentiation and functional status of
osteoblasts can be achieved indirectly by detecting mineralized
nodules. Calcium salts in mineralized nodules were stained dark
red by alizarin red staining, and 10% hexapylpyridine chloride
dissolved the red-stained mineralized nodules. Calcium ion

content was proportional to absorbance value. Alizarin red
staining of mineralized nodules demonstrated that there were
larger and more dark red mineralized nodules in Ti-B12 group,
which were higher in number and size than those in Ti6Al4V and
blank control group. After solubilization, the OD values of
mineralized nodules depicted that Ti-B12 group was significantly
higher than Ti6Al4V and blank control group (p < 0.05). Ti-B12 can
enhance the mineralization of extracellular matrix of osteoblasts and
promote bone formation.

To further evaluate the integration of new titanium alloy Ti-B12
with the surrounding bone, we implanted it in rabbits and studied it
by X-ray and histological analysis. In this study, X-rays displayed that
the implant was in a good position and the surrounding tissues
demonstrated no signs of bone density loss, demonstrating good
osseointegration between the implant and the bone tissue.
Additionally, hard tissue sections can be used to slice bone tissues
containing metal materials. The tested materials do not need to be
predecalcified, and the position relationship between implanted metal
materials and bone tissues remains unchanged, which can reflect the
growth status of implanted bone tissues without damaging the original
tissue structure of implant-bone interface. After toluidine blue
staining of hard tissue sections, it is possible to observe the growth
of surrounding bone tissue, and the ability of the material to directly
combine with bone tissue can be directly evaluated. In this study, both
materials were wrapped in bone tissue, and there was no fibrous tissue
space between the materials and the new bone. However, the binding
rate between Ti-B12 and surrounding bone tissue was better than that
of Ti6Al4V, which proved that Ti-B12 alloy with low elastic modulus
was similar to the elastic modulus of human bone and could provide
good stress conduction, thus promoting the formation and
reconstruction of surrounding bone tissue.

FIGURE 10
In vivo experiments on animals. (A) results of the X-ray examination 3 months after the operation; (B) results of the toluidine blue staining of hard
tissue sections.
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There are some defects and deficiencies in this study: 1) Only
MC3T3-E1 cells were used in the experiment, and several more cells
were needed to evaluate the biocompatibility of the material in the
follow-up; 2) This study only evaluated the biocompatibility and
bone integration properties of the new titanium alloy materials
prepared by forging process, which lacked the research on the
properties of the new titanium alloy materials under different
processing methods, and needed to be further supplemented by
subsequent research.

5 Conclusion

β-titanium alloy material has broad application potential in
orthopedics and maxillofacial surgery due to its excellent
mechanical properties. The premise of its clinical transformation
is excellent biocompatibility and osseointegration performance.
According to this study, the new β-titanium alloy Ti-B12 has low
toxicity, does not cause rejection reactions, and has better
osseointegration performance than the traditional titanium alloy
Ti6Al4V. Therefore, Ti-B12 material is expected to be further
promoted in clinical practice.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was reviewed and approved by the Ethics
Committee of the First Hospital of Xi’an Jiaotong University.

Author contributions

JL and JC contributed to the conception and design of the study.
JL, KW, XL, XZ, XG, and YZ conduct a research process, specifically

performing the experiments and data collection. ZR and BZ design
of methodology. JL performed the statistical analysis. JL and JC
wrote the first draft of the manuscript. All authors contributed to the
manuscript revision, read, and approved the submitted version.

Funding

This work was financially supported by Key Research and
Development Plan of Shaanxi Province—General Project
(2022GY-390), Institutional Foundation of The First Affiliated
Hospital of Xi’an Jiaotong University (2020QN-36) and National
Natural Science Foundation of China (52271249, 51901193). Key
Research and Development Program of Shaanxi (2023-YBGY-488).

Acknowledgments

We want to express our special thanks to the Northwest
Research Institute for Non-ferrous Metals and State Key
Laboratory of Powder Metallurgy of Central South University,
which provided the titanium alloy material for this experiment,
and to the Animal Center of Xi’an Jiaotong University, which
provided us with the required experimental animals.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Apostu, D., Lucaciu, O., Berce, C., Lucaciu, D., and Cosma, D. (2018). Current
methods of preventing aseptic loosening and improving osseointegration of titanium
implants in cementless total hip arthroplasty: a review. J. Int. Med. Res. 46 (6),
2104–2119. doi:10.1177/0300060517732697

Backes, E. H., Fernandes, E. M., Diogo, G. S., Marques, C. F., Silva, T. H., Costa, L. C., et al.
(2021). Engineering 3D printed bioactive composite scaffolds based on the combination of
aliphatic polyester and calcium phosphates for bone tissue regeneration. Mater Sci. Eng. C
Mater Biol. Appl. 122, 111928. doi:10.1016/j.msec.2021.111928

Bedouin, Y., Gordin, D., Pellen-Mussi, P., Perez, F., Tricot-Doleux, S., Vasilescu, C.,
et al. (2019). Enhancement of the biocompatibility by surface nitriding of a low-
modulus titanium alloy for dental implant applications. J. Biomed. Mater Res. B Appl.
Biomater. 107 (5), 1483–1490. doi:10.1002/jbm.b.34240

Cheng, J., Wang, H., Li, J., Gai, J., Ru, J., Du, Z., et al. (2020). The effect of cold swaging
deformation on the microstructures and mechanical properties of a novel metastable β
type Ti–10Mo–6Zr–4Sn–3Nb alloy for biomedical devices. Front. Mater. 7, 228. doi:10.
3389/fmats.2020.00228

Declercq, H., Van den Vreken, N., De Maeyer, E., Verbeeck, R., Schacht, E., De
Ridder, L., et al. (2004). Isolation, proliferation and differentiation of osteoblastic cells to

study cell/biomaterial interactions: comparison of different isolation techniques and
source. Biomaterials 25 (5), 757–768. doi:10.1016/s0142-9612(03)00580-5

Gkiatas, I., Sharma, A. K., Driscoll, D. A., McLawhorn, A. S., Chalmers, B. P., and
Sculco, P. K. (2021). Nonconcentric and irregular dislocations of total hip arthroplasties:
Radiographic analysis and review of the literature. J. Emerg. Med. 60 (4), 451–459.
doi:10.1016/j.jemermed.2020.11.023

Jing, Z., Zhang, T., Xiu, P., Cai, H., Wei, Q., Fan, D., et al. (2020). Functionalization of
3D-printed titanium alloy orthopedic implants: a literature review. Biomed. Mater 15
(5), 052003. doi:10.1088/1748-605x/ab9078

Kaur, M., and Singh, K. (2019). Review on titanium and titanium based alloys as
biomaterials for orthopaedic applications. Mater Sci. Eng. C Mater Biol. Appl. 102,
844–862. doi:10.1016/j.msec.2019.04.064

Liu, T., Hua, X., Yu, W., Lin, J., Zhao, M., Liu, J., et al. (2019). Long-term follow-up
outcomes for patients undergoing primary total hip arthroplasty with uncemented
versus cemented femoral components: a retrospective observational study with a 5-year
minimum follow-up. J. Orthop. Surg. Res. 14 (1), 371. doi:10.1186/s13018-019-1415-3

Mello, D. C. R., de Oliveira, J. R., Cairo, C. A. A., Ramos, L. S. d. B., Vegian, M. R. d. C.,
de Vasconcellos, L. G. O., et al. (2019). Titanium alloys: in vitro biological analyzes on

Frontiers in Bioengineering and Biotechnology frontiersin.org13

Liu et al. 10.3389/fbioe.2023.1127929

https://doi.org/10.1177/0300060517732697
https://doi.org/10.1016/j.msec.2021.111928
https://doi.org/10.1002/jbm.b.34240
https://doi.org/10.3389/fmats.2020.00228
https://doi.org/10.3389/fmats.2020.00228
https://doi.org/10.1016/s0142-9612(03)00580-5
https://doi.org/10.1016/j.jemermed.2020.11.023
https://doi.org/10.1088/1748-605x/ab9078
https://doi.org/10.1016/j.msec.2019.04.064
https://doi.org/10.1186/s13018-019-1415-3
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1127929


biofilm formation, biocompatibility, cell differentiation to induce bone formation, and
immunological response. J. Mater Sci. Mater Med. 30 (9), 108. doi:10.1007/s10856-019-
6310-2

Mendes, M. W., Agreda, C. G., Bressiani, A. H., and Bressiani, J. C. (2016). A new
titanium based alloy Ti-27Nb-13Zr produced by powder metallurgy with biomimetic
coating for use as a biomaterial.Mater Sci. Eng. C Mater Biol. Appl. 63, 671–677. doi:10.
1016/j.msec.2016.03.052

Murr, L. E. (2017). Open-cellular metal implant design and fabrication for
biomechanical compatibility with bone using electron beam melting. J. Mech. Behav.
Biomed. Mater 76, 164–177. doi:10.1016/j.jmbbm.2017.02.019

Nadammal, N., Rajput, M., Gupta, S. K., Ivanov, E., Reddy, A. S., Suwas, S., et al.
(2022). Laser powder bed fusion additive manufacturing of a low-modulus Ti-35Nb-
7Zr-5Ta alloy for orthopedic applications. ACS Omega 7 (10), 8506–8517. doi:10.1021/
acsomega.1c06261

Nakamura, T., Nakamura-Takahashi, A., Kasahara, M., Yamaguchi, A., and Azuma,
T. (2020). Tissue-nonspecific alkaline phosphatase promotes the osteogenic
differentiation of osteoprogenitor cells. Biochem. Biophys. Res. Commun. 524 (3),
702–709. doi:10.1016/j.bbrc.2020.01.136

Niinomi, M. (2003). Recent research and development in titanium alloys for
biomedical applications and healthcare goods. Sci. Technol. Adv. Mater 4, 445–454.
doi:10.1016/j.stam.2003.09.002

Ottria, L., Lauritano, D., Andreasi Bassi, M., Palmieri, A., Candotto, V., TagliAbue, A.,
et al. (2018). Mechanical, chemical and biological aspects of titanium and titanium
alloys in implant dentistry. J. Biol. Regul. Homeost. Agents 32, 81–90.

Park, K. R., Lee, J. Y., Cho, M., Hong, J. T., and Yun, H. M. (2021). Biological
mechanisms of paeonoside in the differentiation of pre-osteoblasts and the formation of
mineralized nodules. Int. J. Mol. Sci. 22 (13), 6899. doi:10.3390/ijms22136899

Pehlivan, E., Dzugan, J., Fojt, J., Sedlacek, R., Rzepa, S., and Daniel, M. (2020). Post-
processing treatment impact on mechanical properties of SLM deposited Ti-6Al-
4 V porous structure for biomedical application. Mater. (Basel) 13 (22), 5167.
doi:10.3390/ma13225167

Rahmati, M., and Mozafari, M. (2019). Biocompatibility of alumina-based
biomaterials-A review. J. Cell Physiol. 234 (4), 3321–3335. doi:10.1002/jcp.27292

Sarraf, M., Rezvani Ghomi, E., Alipour, S., Ramakrishna, S., and Liana Sukiman, N.
(2022). A state-of-the-art review of the fabrication and characteristics of titanium and
its alloys for biomedical applications. Biodes Manuf. 5 (2), 371–395. doi:10.1007/
s42242-021-00170-3

Shahi, S., Ozcan, M., Maleki Dizaj, S., Sharifi, S., Al-Haj Husain, N., Eftekhari, A., et al.
(2019). A review on potential toxicity of dental material and screening their
biocompatibility. Toxicol. Mech. Methods 29 (5), 368–377. doi:10.1080/15376516.
2019.1566424

Shi, A., Cai, D., Hu, J., Zhao, X., Qin, G., Han, Y., et al. (2021). Development of a low
elastic modulus and antibacterial Ti-13Nb-13Zr-5Cu titanium alloy by microstructure
controlling. Mater Sci. Eng. C Mater Biol. Appl. 126, 112116. doi:10.1016/j.msec.2021.
112116

Sidhu, S. S., Singh, H., and Gepreel, M. A. (2021). A review on alloy design, biological
response, and strengthening of beta-titanium alloys as biomaterials. Mater Sci. Eng. C
Mater Biol. Appl. 121, 111661. doi:10.1016/j.msec.2020.111661

Sing, S. L. (2022). Perspectives on additive manufacturing enabled beta-titanium
alloys for biomedical applications. Int. J. Bioprint 8 (1), 478. doi:10.18063/ijb.v8i1.478

Sista, S., Nouri, A., Li, Y., Wen, C., Hodgson, P. D., and Pande, G. (2013). Cell
biological responses of osteoblasts on anodized nanotubular surface of a titanium-
zirconium alloy. J. Biomed. Mater Res. A 101, 3416–3430. doi:10.1002/jbm.a.34638

Su, X., Wang, T., and Guo, S. (2021). Applications of 3D printed bone tissue
engineering scaffolds in the stem cell field. Regen. Ther. 16, 63–72. doi:10.1016/j.
reth.2021.01.007

Suggs, L. J., Shive, M. S., Garcia, C. A., Anderson, J. M., and Mikos, A. G. (1999). In
vitro cytotoxicity and in vivo biocompatibility of poly(propylene fumarate-co-ethylene
glycol) hydrogels. J. Biomed. Mater Res. B Appl. Biomater. 46, 22–32. doi:10.1002/(sici)
1097-4636(199907)46:1<22:aid-jbm3>3.0.co;2-r
Szczesny, G., Kopec, M., Politis, D. J., Kowalewski, Z. L., Lazarski, A., and Szolc, T.

(2022). A review on biomaterials for orthopaedic surgery and traumatology: From past
to present. Mater. (Basel) 15 (10), 3622. doi:10.3390/ma15103622

Trevisan, F., Calignano, F., Aversa, A., Marchese, G., Lombardi, M., Biamino, S., et al.
(2018). Additive manufacturing of titanium alloys in the biomedical field: processes,
properties and applications. J. Appl. Biomater. Funct. Mater 16 (2), 57–67. doi:10.5301/
jabfm.5000371

Vimalraj, S. (2020). Alkaline phosphatase: Structure, expression and its function in
bone mineralization. Gene 754, 144855. doi:10.1016/j.gene.2020.144855

Vojdani, A. (2021). Elevated IgG antibody to aluminum bound to human serum
albumin in patients with crohn’s, celiac and Alzheimer’s disease. Toxics 9 (9), 212.
doi:10.3390/toxics9090212

Vonavkova, I., Prusa, F., Kubasek, J., Michalcova, A., and Vojtech, D. (2022).
Microstructure and mechanical properties of Ti-25Nb-4Ta-8Sn alloy prepared by
spark plasma sintering. Mater. (Basel) 15 (6), 2158. doi:10.3390/ma15062158

Willis, J., Crean, S. J., and Barrak, F. N. (2021). Is titanium alloy Ti-6Al-4 V cytotoxic
to gingival fibroblasts-A systematic review. Clin. Exp. Dent. Res. 7 (6), 1037–1044.
doi:10.1002/cre2.444

Xi, D., andWong, L. (2021). Titanium and implantology: a review in dentistry. J. Biol.
Regul. Homeost. Agents 35 , 63–72.

Xie, L., Yu, H., Yang, W., Zhu, Z., and Yue, L. (2016). Preparation, in vitro
degradability, cytotoxicity, and in vivo biocompatibility of porous hydroxyapatite
whisker-reinforced poly(L-lactide) biocomposite scaffolds. J. Biomater. Sci. Polym.
Ed. 27 (6), 505–528. doi:10.1080/09205063.2016.1140613

Yamamoto, A., Honma, H., Tanaka, A., and Sumita, M. (1999). Generic tendency of
metal salt cytotoxicity for six cell lines. J. Biomed. Mater Res. B Appl. Biomater. 47,
396–403. doi:10.1002/(sici)1097-4636(19991205)47:3<396:aid-jbm15>3.0.co;2-r
Zhan, X., Li, S., Cui, Y., Tao, A., Wang, C., Li, H., et al. (2020). Comparison of the

osteoblastic activity of low elastic modulus Ti-24Nb-4Zr-8Sn alloy and pure titanium
modified by physical and chemical methods. Mater Sci. Eng. C Mater Biol. Appl. 113,
111018. doi:10.1016/j.msec.2020.111018

Zhang, T., Ou, P., Ruan, J., and Yang, H. (2021). Nb-Ti-Zr alloys for orthopedic
implants. J. Biomater. Appl. 35 (10), 1284–1293. doi:10.1177/0885328220970756

Zhao, X., Zhang, P., Wang, X., Chen, Y., Liu, H., Chen, L., et al. (2018). In-situ
formation of textured TiN coatings on biomedical titanium alloy by laser irradiation.
J. Mech. Behav. Biomed. Mater 78, 143–153. doi:10.1016/j.jmbbm.2017.11.019

Zheng, Y., Han, Q., Wang, J., Li, D., Song, Z., and Yu, J. (2020). Promotion of
osseointegration between implant and bone interface by titanium alloy porous scaffolds
prepared by 3D printing. ACS Biomater. Sci. Eng. 6 (9), 5181–5190. doi:10.1021/
acsbiomaterials.0c00662

Frontiers in Bioengineering and Biotechnology frontiersin.org14

Liu et al. 10.3389/fbioe.2023.1127929

https://doi.org/10.1007/s10856-019-6310-2
https://doi.org/10.1007/s10856-019-6310-2
https://doi.org/10.1016/j.msec.2016.03.052
https://doi.org/10.1016/j.msec.2016.03.052
https://doi.org/10.1016/j.jmbbm.2017.02.019
https://doi.org/10.1021/acsomega.1c06261
https://doi.org/10.1021/acsomega.1c06261
https://doi.org/10.1016/j.bbrc.2020.01.136
https://doi.org/10.1016/j.stam.2003.09.002
https://doi.org/10.3390/ijms22136899
https://doi.org/10.3390/ma13225167
https://doi.org/10.1002/jcp.27292
https://doi.org/10.1007/s42242-021-00170-3
https://doi.org/10.1007/s42242-021-00170-3
https://doi.org/10.1080/15376516.2019.1566424
https://doi.org/10.1080/15376516.2019.1566424
https://doi.org/10.1016/j.msec.2021.112116
https://doi.org/10.1016/j.msec.2021.112116
https://doi.org/10.1016/j.msec.2020.111661
https://doi.org/10.18063/ijb.v8i1.478
https://doi.org/10.1002/jbm.a.34638
https://doi.org/10.1016/j.reth.2021.01.007
https://doi.org/10.1016/j.reth.2021.01.007
https://doi.org/10.1002/(sici)1097-4636(199907)46:1<22:aid-jbm3>3.0.co;2-r
https://doi.org/10.1002/(sici)1097-4636(199907)46:1<22:aid-jbm3>3.0.co;2-r
https://doi.org/10.3390/ma15103622
https://doi.org/10.5301/jabfm.5000371
https://doi.org/10.5301/jabfm.5000371
https://doi.org/10.1016/j.gene.2020.144855
https://doi.org/10.3390/toxics9090212
https://doi.org/10.3390/ma15062158
https://doi.org/10.1002/cre2.444
https://doi.org/10.1080/09205063.2016.1140613
https://doi.org/10.1002/(sici)1097-4636(19991205)47:3<396:aid-jbm15>3.0.co;2-r
https://doi.org/10.1016/j.msec.2020.111018
https://doi.org/10.1177/0885328220970756
https://doi.org/10.1016/j.jmbbm.2017.11.019
https://doi.org/10.1021/acsbiomaterials.0c00662
https://doi.org/10.1021/acsbiomaterials.0c00662
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1127929

	Biocompatibility and osseointegration properties of a novel high strength and low modulus β- Ti10Mo6Zr4Sn3Nb alloy
	1 Introduction
	2 Methods
	2.1 Statement of animal rights
	2.2 Alloy design and composition
	2.3 Materials preparation
	2.4 Biocompatibility of Ti-B12
	2.4.1 Cell morphology observation and proliferation experiment
	2.4.2 Cell apoptosis assay
	2.4.3 Acute systemic toxicity test
	2.4.4 Skin irritation test
	2.4.5 Intradermal stimulation test

	2.5 Osteointegrative properties of Ti-B12
	2.5.1 Osteoblast adhesion ability
	2.5.2 Osteoblast adhesion status
	2.5.3 Detection of IL-6 secretion
	2.5.4 Alkaline phosphatase activity
	2.5.5 Expression of osteogenic related genes
	2.5.6 Osteoblast mineralization
	2.5.7 In vivo experiments on animals

	2.6 Statistical analysis

	3 Results
	3.1 Biocompatibility of Ti-B12
	3.1.1 Cell morphology observation and proliferation experiment
	3.1.2 Cell apoptosis assay
	3.1.3 Acute systemic toxicity test
	3.1.4 Skin irritation test
	3.1.5 Intradermal stimulation test

	3.2 Osteointegrative properties of Ti-B12
	3.2.1 Osteoblast adhesion ability
	3.2.2 Osteoblast adhesion status
	3.2.3 Detection of IL-6 secretion
	3.2.4 Alkaline phosphatase activity
	3.2.5 Expression of osteogenic related genes
	3.2.6 Osteoblast mineralization
	3.2.7 In vivo experiments on animals


	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


