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A B S T R A C T

Ti-24Nb-4Zr-8Sn (Ti2448) alloy is a novel low elastic modulus β-titanium alloy without toxic elements. It also
has the advantage of high strength, so it has potential application prospects for implantation. To develop its
osteogenic effects, it can be modified by electrochemical, and physical processes. The main research aim of this
study was to explore the bioactivity of Ti2448 alloy modified by sandblasted, large-grit, acid-etched (SLA),
micro-arc oxidation (MAO) and anodic oxidation (AO), and to determine which of the three surface modifica-
tions is the best way for developing the osteogenesis of bone marrow mesenchymal stem cells (BMMSCs). In vitro
studies, the cytoskeleton, focal adhesion and proliferation of BMMSCs showed that both pure titanium and
Ti2448 alloy have good biocompatibility. The osteogenic differentiation of BMMSCs with the Ti2448 alloy were
examined by detecting alkaline phosphatase (ALP), mineralization nodules and osteogenic proteins and were
better than that with pure titanium. These results showed that the Ti2448 alloy treated by SLA has a better effect
on osteogenesis than pure titanium, and AO is the best way of three surface treatments to improve osteogenesis
in this study.

1. Introduction

Implant restoration provides hope for patients with edentulous,
greatly improves the masticatory efficiency and quality of life of these
patients after restoration. However, there are still some problems, such
as partial bone resorption, poor stress effect after implantation, etc. [1].
The causes of these problems are related to the patient's own physical
condition, living habits such as smoking, surgical methods and implant
material [2,3]. Among them, implant prostheses have high require-
ments for implant material [4]. On the one hand, the material needs
good biocompatibility, such as no cytotoxicity, no release of toxic ele-
ments into the body, and no serious immuno-inflammatory responses.
On the other hand, it is expected that implant material should closely
combine with bone tissue, rather than wrap by fibrous tissue [5]. The
stress shielding effect should not be neglected after an implant is loaded
[6–8]. In response to the above requirements, pure titanium, titanium

alloys and the other metal materials have been widely used as implant
material because of their good mechanical properties [9]. However, due
to the stable physical and chemical properties of titanium alloys in an
air environment, it is not easy to guide bone tissue to grow on their
surfaces [10,11]. Therefore, surface modifications of metal materials,
such as mechanical sandblasting, mechanical cutting; physical and
chemical methods, such as micro-arc oxidation and alkali heatment;
and biological methods, such as surface adsorption of proteins, enzymes
molecules, etc. [12–14], have been used to solve this problem. Fur-
thermore, the improved electrochemical processes, such as plasma
electrolytic oxidation (PEO) and magnetoelectropolishing (MEP),
which were researched by Krzysztof Rokosz et al. [15–17], Ryszard
Rokicki et al. [18–21], and Tadeusz Hryniewicz et al. [18–20], have
also been identified to promote cell adhesion and proliferation [21].
Electrochemical methods could improve the surface bioactivity of metal
materials. After surface modification, the surface biological activity of
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pure titanium and titanium alloys has been improved [22].
The elastic modulus of pure titanium is proximately 107 GPa, and

that of titanium alloys such as Ti-6Al-4V is about 117 GPa, while the
elastic modulus of bone cortex is proximately 20 GPa [23]. Because the
elastic modulus of these implant materials and bone tissue does not
match, a stress shielding effect will occur, which will lead to adverse
effects such as bone resorption [24]. The elastic modulus of Ti-24Nb-
4Zr-8Sn alloy with ultimate tensile strength (~950 MPa) is proximately
49 GPa, which is lower than the elastic modulus of the implant metal
materials currently used and closer to that of bone tissue [25–29]. The
matching between the elastic modulus of implant material and the
surrounding bone tissue is an important factor for successful implant
implantation [30–33]. The elastic modulus of the implant materials
used at present is higher than that of bone tissue, which is prone to
stress shielding effects and increases the risk of bone resorption. Ti2448
alloy has a high strength and lower elastic modulus than pure titanium
[25,34]. Because of these mechanical properties, it has the potential to
be used in clinical practice, and probably better than pure titanium
[35–37]. Current research showed that the main elements of Ti2448
alloy are Ti, Nb, Zr and Sn; elemental toxicity of elements is in the order
Ag+ > Au3+ > Cu2+ > Co2+ > Pd2+ > Cr3+ > In3+ >
Sn2+ [38]. The elements in Ti2448 alloy will not have great toxicity in
the body, nor will the alloy produce an immune reaction or allergy. K.C.
Nune et al. performed experiments in vitro that showed that Ti2448
alloy has good biological activity and osteoblast activity, and has po-
tential application in implants [39]. To improve the biological response
of Ti2448 alloy to bone tissue, surface modification was carried out, for
example, changing the surface structure to a mesh structure [40] and
modifying the structure by micro-arc oxidation and anodic oxidation
under different conditions [41–48]. The osteoblast activity was pro-
moted by changing the surface morphology and chemical composition.

It has been shown that the activity of osteoblasts was improved after
surface modification, but few surface modification methods have been
used on Ti2448 alloy, and it cannot be determined that which method
of Ti2448 alloy surface modifications is the best. To compare the sur-
face physical and chemical properties of Ti2448 alloy with those of pure
titanium under different treatment conditions, both substrates were
treated by sandblasted, large-grit, acid-etched (SLA), micro-arc oxida-
tion (MAO) and anodic oxidation (AO). Then, we discussed the factors
affecting the cell biological activity and cell differentiation, observed
the bioactivity effect of Ti2448 alloy and explored which method is best
for osteogenesis.

2. Materials and methods

2.1. Preparation and surface modification of pure titanium and Ti2448
alloy

Samples with diameters of 10 mm or 25 mm and thicknesses of
1.5 mm were prepared and modified by SLA, MAO and AO. The sub-
strates of commercial grade 4 pure titanium (TA4) (provided by Jiangsu
Trausim Medical Instrument Company, China) and Ti2448 alloy (pro-
vided by Institute of Metal Research, Chinese Academy of Sciences,
China) were cut into pieces with dimensions of 10 mm and 25 mm, and
a thickness of 1.5 mm (WEDM, DK7732, Yinuo Machine Tool
Manufacturing Co., Ltd., Guangdong, China). Then, the surface was
polished to a metallic luster (Polishing machine, PG40, Wuxi Taiyuan
Machine Manufacturing Co., Ltd., China) and dried (Electric constant
temperature blast drying oven, 101-A, Huyueming Scientific Instrument
Co., Ltd., Shanghai, China) after ultrasonic cleaning (XR-1015-25A,
Xinren ultrasonic equipment Co., Ltd., Jiangsu, China). After the pure
titanium and Ti2448 alloy samples were cut, polished, cleaned and
dried according to the operation method of the machining group, the
first group of samples was sandblasted (Automatic Sandblasting
Machine, 9060B, Jianhui mechanical equipment Co., Ltd., Jiangsu,
China) with white corundum (Al2O3), particles size of 60 mesh as the

sandblasting medium, 3–4 bar sandblasting pressure and about 10 s
sandblasting time. Then, these samples were placed in a mixture of
9.4 mol/L sulfuric acid and 0.5 mol/L hydrochloric acid solution for
30 min at 40 °C, followed by ultrasonic cleaning and drying. Micro-arc
oxidation was carried out (WHD20, micro-arc oxidation equipment,
Harbin University of technology Sino Russian science and Technology
Research Cooperation Co., Ltd., China) at 250 V for 10 min with im-
mersing in alkaline calcium phosphate solution, and ultrasonic cleaning
was performed again before drying. Anodic oxidation is an electro-
chemistry process in which the voltage is 30 V and the substrates were
placed in a 1 mol/L NH4SO2 and 0.15 mol/L NH4F solution for 2 h.
Before cell seeding on the samples, all samples were ultrasonically
cleaned in the acetone, isopropanol, ethanol and deionized water for
10 min successively and autoclaved. The specimens were steam ster-
ilized at 121 °C for 20 min and dried at 70 °C for 15 min.

2.2. Material characterizations

A scanning electron microscope (JSM-IT300, JEOL, Japan) was used
to explore the morphological characteristics of all material surfaces to
identify their differences. The X-ray photoelectron spectrometer (AXIS
Supra, Kratos Analytical Ltd., England) was used to analyze the che-
mical elements on the surfaces of modified pure titanium and Ti2448
alloy. The roughness of the materials was evaluated in terms of Ra by
three-dimensional morphometry laser microscopy (VK-X200, Keyence,
Japan) according to the DIN EN ISO 4287 standard. The hydrophilicity
of the modified material surfaces was analyzed by the contact angle
measurement with a drop shape analyzer (Kruss DSA100, Germany).
The characteristics of the modified pure titanium and Ti2448 alloy were
compared to explore their differences. The coatings on the sides of pure
titanium and Ti2448 alloy samples modified by micro-arc oxidation and
anodic oxidation were removed with conductive adhesive, and the cross
sections of the coatings were exposed. Field emission scanning electron
microscopy (Hitachi SU8010, Japan) was used to observe the thickness
of the MAO and AO coatings.

2.3. Cell culture

Human bone marrow mesenchymal stem cells (HBMMSCs, Science
Cell Research Laboratories, California, USA) were cultured at 5% CO2

and 100% humidity in alpha-modified minimum essential medium (α-
MEM, Gibco, USA) containing 10% fetal bovine serum (FBS, Gibco,
Australia). The fourth to sixth generation cells were chosen to mix into
cell suspensions and then seeded on Ti2448 alloys and pure titanium at
a density of 1 × 104 cells/mL. According to the research designs, the
cells were cultured for different incubation periods, and then the spe-
cific experimental schemes were carried out.

2.4. Cell proliferation

The activity of osteoblasts cultured on the surfaces of the materials
was evaluated, and cell proliferation was detected using CCK-8 kits
(Dojindo Molecular Technologies, Japan). BMSCs were seeded onto the
samples, and cell proliferation was detected at set time. Then, the sheets
were washed and transferred to a new 48-well plate at the selected
incubation periods. The culture medium was mixed with cck-8 reagent
at a ratio of 10:1. Then, 500 μL CCK-8 detection solution was put into
each well. After 2 h of incubation in a 5% CO2 incubator at 37 °C, the
solution in each well was transferred to a 96-well plate, 100 μL per well.
The optical density (OD) value was measured using an ELISA reader
(Biotek, ELX808, USA) at 450 nm.

2.5. Immunofluorescence of cytoskeletal actin and vinculin

The intracellular proteins vinculin and actin were observed by im-
munofluorescence microscopy to study cells morphology and motility.
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After 24 h of incubation, the cells on the surface of the materials were
fixed with 4% paraformaldehyde at 4 °C for 15 min. The sheets were
washed with PBS after each subsequent step at room temperature. The
cells were blocked with 1% bovine serum albumin in PBS after per-
meation with 0.1% Triton X-100 in PBS. Cells were incubated overnight
with diluted primary antibody (anti-vinculin) (1:200), subsequently
labeling them with diluted secondary antibody (1:100) (goat–anti-
mouse FITC conjugate) (ASGB-BIO, China) for 30 min, and then in-
cubating them with diluted phalloidin FITC solution (1:400)
(Sigma–Aldrich, USA) for 40 min. Finally, nuclei were labeled with
DAPI (ASGB-BIO, China). After immunostaining, the cells were ex-
amined by laser scanning confocal microscopy (Carl Zeiss, Germany).

2.6. Differentiation and mineralization assay

Quantitative analysis of alkaline phosphatase (ALP) was used to
detect early osteogenic differentiation of BMMSCs cultured on the
surfaces of the samples for 7 days using an ALP assay kit (Njjcbio,
China). The absorbance at 520 nm was measured via spectro-
photometry with a multimode plate reader (PerkinElmer, Singapore).
To study the effect of ECM mineralization on bone formation, qualita-
tively and quantitative alizarin red analysis of calcium mineralization
in the matrix were carried out. After cells were cultured for 21 days, the
samples were fixed with 4% paraformaldehyde for 15 min. After
washing with deionized water, the samples were stained with alizarin
red (Sigma, USA) (1% w/v) solution in deionized water. The specimens
were scanned by a scanner (HP Scanjet, G4050, USA). To detect the
degree of mineralization quantitatively, 10% cetyl-pyridinium chloride
(CPC) was added to dissolve the red matrix sediment. The absorbance of
the solution was measured at 490 nm OD with a multimode plate reader
(PerkinElmer, Singapore).

2.7. Osteogenic protein factors expression

After incubation for 21 days, the cells on the samples were collected
to extract the total protein. Then, bone morphogenetic protein (BMP-2),
runt-related transcription factor 2 (Runx2), and osteocalcin (OCN) were
inspected using a human BMP-2 ELISA kit (Raybiotech, USA), a human
runt-related transcription factor 2 ELISA Kit (Abbkine, USA) and a
human osteocalcin quantitative ELISA kit (R&D Systems, USA), re-
spectively. The absorbance of the solution was measured with an ELISA
reader (Biotek, ELX808, USA) according to specifications.

2.8. Statistical analysis of data

A one-way analysis of variance (ANOVA) was used to analyze the
data. A p value < 0.05 was considered significant. Statistical analysis
was performed using GraphPad Prism software (San Diego, CA, USA).

3. Results

3.1. The surface characterizations of modified pure titanium and Ti2448
alloy

The surface topographies of pure titanium and Ti2448 alloy mod-
ified by SLA, MAO and AO were characterized by SEM, as shown in
Fig. 1. The surfaces of both machined pure titanium and Ti2448 alloy
(a, e) showed regular stripes. After treatment by SLA, the surface of the
Ti2448 alloy (f) contained pits, while that of pure titanium (b) con-
tained peaks and valleys. The surfaces of both substrates modified by
micro-arc oxidation were pore shaped, but the diameters of the pores
were different, approximately 1 μm on pure titanium (c) and approxi-
mately 3 μm on Ti2448 alloy (g). The area occupied by pores for Ti-
MAO was 0.14%, for Ti2448-MAO was 8.78% according to the corre-
sponding image J's images of Ti-MAO and Ti2448-MAO. It was also
found that the larger the number of pores, the smaller the pores area

[49]. Nanotube structures formed distinctly on the surface of Ti2448
alloy treated by AO (h), the diameter of the nanotube is approximately
100 nm, and surface uneven, part of the nanotubes raised, part of the
nanotubes sunk. However, nonregular nanopores formed on the surface
of pure titanium at 30 V (d). According to previous research [43], when
the anodic oxidation voltage is 30 V, cells can better adhere to the
surface of materials, which increases the differentiation potential of
cells. Therefore, a 30 V constant voltage direct current was selected.

As shown on the surface altitude chart and by the Ra values (Fig. 2),
the surface roughnesses of pure titanium and Ti2448 alloy were all
increased after surface modification. In addition, the anodized surface
roughness of Ti2448 alloy was the highest. The Ra values of both ma-
chined surfaces were< 0.5 μm, the Ra values of Ti-SLA, Ti-MAO and
Ti2448-SLA were 1 μm–2 μm, and Ra values of the rest surfaces
were>2 μm.

The contact angles were detected by a contact goniometer. The
surface of the nanostructures with good hydrophilicity is conducive to
the biological reaction of osteoblasts [50]. As shown in the Fig. 3, the
pure Ti and Ti2448 alloy modified by AO have higher hydrophilicity.
The surface contact angles of pure Ti and Ti2448 alloy decreased after
treated by SLA, and that of pure Ti increased after modified by MAO.
The contact angle is closely related to the surface topography.

XPS spectra (Fig. 4) showed that there were oxides on the surfaces
of pure titanium and Ti2448 alloy modified by SLA, MAO and AO.
Through the analysis of elemental oxides, the surface oxide of Ti-M and
Ti-SLA is TiO2, and that of Ti2448-M and Ti2448-SLA are TiO2, ZrO2,
SnO and Nb2O5. After the micro-arc oxidation treatment, CaO and
Ca3(PO4)2 can be observed on the surface of Ti-MAO, and Ca3(PO4)2 on
the surface of Ti2448-MAO.

Among all surface treatment methods, the material surfaces after
micro-arc oxidation and anodic oxidation treatment formed coatings,
and the layer thickness is shown in Fig. 5. Measured by ImageJ, the
thicknesses of Ti-MAO, Ti-AO, Ti2448-MAO and Ti2448-AO were ap-
proximately 11 μm, 6 μm, 18 μm and 8 μm respectively. The results
showed that the MAO coatings are thicker than the AO coatings. The
thickness of the coating may be also related to the substrate material.
The thickness of the surface coating of Ti2448 alloy was higher than
that of pure Ti. In addition, as shown in Fig. 5, the boundary between
the micro-arc oxidation coating and the substrate material is fuzzy,
while the boundary between the anodic oxidation coating and the
substrate material is clear, or even separated, so the bonding strength
between the micro-arc oxidation coating and the substrate may be
stronger.

3.2. Cell proliferation and bioactivity test

The cell proliferation on the Ti-M, Ti-SLA, Ti-MAO, Ti-AO, Ti2448-
M, Ti2448-SLA, Ti2448-MAO and Ti2448-AO samples was measured by
CCK-8 assay, and results showed that the cells continued to proliferate
on all surfaces from first day to 8th day (Fig. 6). In this study, the cell
proliferation of the MAO group was higher than that of the other
groups. Between pure titanium and Ti2448 alloy, the cell proliferation
on the surfaces of Ti2448 alloy was higher. Roughness increased, the
proliferation of osteoblasts decreased [51], but that of osteoblasts on
the MAO surface increased.

After incubated for 1 day, the cytoskeleton, vinculin and nuclei of
BMMSCs grown on the Ti2448 alloys and pure titanium modified by
different methods were observed by laser scanning confocal micro-
scopy. The cytoskeleton morphologies on titanium samples with dif-
ferent microstructures shown in Fig. 7 are different. The BMMSCs on
the machined Ti and Ti2448 alloy were flattened regularly and grew
along the stripes of the machined surfaces, whereas the morphologies of
BMMSCs on the SLA, MAO and AO surfaces were more spread out, and
the cells grew irregularly. Compared to the cells on the AO and SLA
sample surfaces, BMMSCs on the MAO sample surface seemed to show
more F-actin filament aggregation sites. Comparing the cells on the
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surfaces of Ti-AO and Ti2448-AO, the cytoskeleton of BMMSCs on the
Ti2448-AO sample was more clearly visible.

3.3. The differentiation of BMMSCs and extracellular matrix
mineralization

To verify the difference between the differentiation and

Fig. 1. Surface morphology of treated pure titanium and Ti2448 alloy. The microstructure of surface morphology were observed on CP-Ti (a–d) and Ti2448 alloy
(e–h) using SEM.

Fig. 2. Surface roughness of pure Ti and Ti2448 alloy. Surface roughness of the Ti samples: (a) Ti-M, (b) Ti-SLA, (c) Ti-MAO, (d) Ti-AO and Ti2448 alloy; (e) Ti2448-
M, (f) Ti2448-SLA, (g) Ti2448-MAO and (h) Ti2448-AO were determined by three-dimensional morphometry laser microscopy.

Fig. 3. The hydrophilicity of machined and SLA-, MAO-, AO-treated Ti and Ti2448 alloy. Contact angles of the anodized samples (d, h) are significantly less than
those of the other samples.
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mineralization of osteoblasts on surface-treated Ti2448 alloy and pure
titanium, alkaline phosphatase (ALP) was used to detect the early os-
teogenic effect [52]. Alizarin red staining was analyzed qualitatively
and quantitatively to observe the late osteogenic effect.

After osteoinduction for 7 days, ALP activity was detected using an
AKP kit. As shown in Fig. 8, the ALP activities of both substrates
modified by MAO and AO were better than that of the machined and
SLA groups, and that of BMMSCs on the Ti2448-AO sample was best.
The effect of matrix mineralization of the BMMSCs cultured on the eight
samples is shown in Fig. 9(A, B). After osteoinduced for 21 days, the
mineralized nodules formed on the AO surfaces of both materials ob-
viously increased. In addition, matrix mineralization of osteoblasts on
the modified Ti2448 alloy was relatively higher than that on modified
pure titanium.

3.4. Osteogenic proteins expression of osteoblasts

BMP-2, OCN and Runx2 proteins were detected to illustrate the
influence of cell osteogenic differentiation [53]. As shown in Fig. 10(A)
histogram, after osteogenesis induction for 21 days, the expression of
OCN on the surface of the two substrates after anodic oxidation was
highest in all groups. The expression of OCN on Ti2448-SLA surface was
higher than that on pure titanium treated by SLA. There was no sig-
nificant difference in the expression of OCN between the other groups,
which was basically consistent with the alizarin red staining results.
The protein expression of BMP-2 and Runx2 were shown in the B and C
histograms, respectively. The results showed that the expression of
BMP-2 and Runx2 in the anodic oxidation group was lower than that in
other groups, but these two proteins expression on the Ti2448-SLA alloy
surface was higher than that on the pure Ti-SLA surface.

Fig. 4. XPS spectra of pure titanium and Ti2448 alloy modified by SLA、MAO and AO. The element composition on the different surfaces of pure titanium and
Ti2448 alloy.
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4. Discussion

The successful implant is based on the formation of osseointegra-
tion. The premise of osseointegration is that the surface of the implant
material has good biological activity, which is conducive to the for-
mation of bone. Bone formation is related to implant materials, struc-
tural design and surface characteristics [54]. To further promote the
effect of bone formation, surface modification was carried out on the
implant materials [12–14]. And the surface characteristics of the im-
plant materials, such as surface morphology, wettability, and

roughness, changed. The surface morphology affected the hydro-
philicity and roughness of the material surface. Researches showed that
the better hydrophilicity is conducive to cell adhesion, and the effect of
nano or micro surface on cell response is different [55]. The surface
oxides and surface topography of materials can affect cell signal
transduction, which changes the mode of cell adhesion and spread
[56,57]. After modification by physical and chemical methods, some
oxides were observed on the surfaces of pure titanium and Ti2448 alloy,
the surface activities of metal materials could be increased, and the
hydrophilicity of metal material surface could be improved. Then, the
adhesion and growth of cells on the material surface can be developed,
and cell differentiation can be advanced, which is more conducive to
the bonding of bone tissue to a material surface [58–60].

In our study, scanning electron microscopy (SEM) images showed
that nanotube structures were formed on the anodized surface, and
hydrophilicity detected by drop shape analyzer was the best. The SEM
results also showed that a microscale structure formed on the surface of
the sandblasted and micro-arc oxidation samples. In some studies
[42,51,61,62], Ra value was used as the measurement parameter of
surface roughness, and Manuela Galati et al. [63] also said that the
arithmetic average value (Ra) could be used as descriptor for surface
roughness, so Ra value was applied to compare surface roughness in our
study. In the [61] research, the Ra value of the optimal surface
roughness is about 2.1–3.1 μm, and Andreas Schedle etc. elucidated
that surface with Ra roughness values of 1–2 μm may be optimal for
osteoblast differentiation. Obviously, the Ra roughness values in all
samples of our research are lower than 3 μm. Some studies [64,65] also
concluded that less average peri-implant bone loss around the less

Fig. 5. The thickness of MAO and AO coatings by Field Emission Scanning Electron Microscopy. Ti-MAO and Ti2448-MAO were observed at 1000×, and AO coating
was observed at 3000×.

Fig. 6. The proliferation of BMMSCs on the surface of eight group samples.
Values are presented as mean ± SD for different cultures. * p < 0.05 versus
Ti-M and Ti2448-M; # p < 0.05 versus Ti-SLA and Ti2448-SLA; & p < 0.05
versus Ti-MAO and Ti2448-MAO.
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rough surfaces. But in the review of Tomas Albrektsson [66], bone at-
traction surface modification is more important for bone formation, and
considered to be the only way to improve the clinical success rate.

Following our research, after the biocompatibility test, the results of
Figs. 6 and 7 showed that increased roughness is detrimental to the

proliferation of cells [67], but the cell proliferation and cytoskeleton on
the surface of pure Ti-MAO and Ti2448-MAO with different Ra values
were good, this may be influenced by the surface morphology. These
results indicated that the surface of micro-arc oxidation is beneficial to
cell growth and adhesion. An irregular surface morphology can be
produced after sandblasting and acid etching, enlarging the contact
area between the cells and the material surface and increasing the
surface roughness, which is beneficial to the differentiation of BMMSCs
[68]. Early bone formation results showed that the ALP activity of both
materials surface increased with the increase of roughness. The results
of late cell mineralization showed that the mineralization nodules on
anodized surface were especially obvious. The expression of osteogenic
protein factors was also consistent with the mineralized nodules. The
results showed that the increase of roughness was beneficial to the early
osteogenic differentiation of BMMSCs, and the nanostructured surface
may be most beneficial to the amount of final bone formation. Com-
pared with the bioactivity of the two materials, Ti448 alloy, such as
Ti2448-SLA and Ti2448-AO, showed some advantages in various as-
pects.

In addition to the effect of the surface morphology on cell viability,
the oxides of the surface of a material may also be an important factor
in promoting cell osteogenic activity. Compared with Ti-M surface, the
physical and chemical properties of Ti2448-M surface showed that the
surface morphology is similar, the surface roughness is higher, but the
hydrophilicity is worse. XPS results showed that the oxides on the
surface of Ti2448-M are TiO2, ZrO2, SnO and Nb2O5, while the main
oxide of Ti-M is TiO2. Previous studies indicated that Nb-based films
may have a good effect on promoting bone formation [64]. Some stu-
dies also noted that the addition of SnO2 could effectively promote
osteogenic effects [65]. In our research, the cell proliferation and ad-
hesion of Ti2448-M surface were slightly better than that of Ti-M, the
difference was not statistically significant, indicating that the bio-
compatibility of pure titanium and Ti2448 alloy was similar. The results
of cell differentiation showed that Ti2448-M surface was more favor-
able for cell differentiation.

In vitro, surface treatments with micro-arc oxidation and anodiza-
tion can promote bone formation better than sandblasting and etching,
or the surfaces of MAO and AO can be called as bone attraction surface
[58]. This may be related to the oxides on the surface of pure titanium
and Ti2448 alloy modified by MAO and AO. However, the formation of

Fig. 7. The morphologies of BMMSCs attached to samples observed by laser confocal microscopy. The cytoskeleton is stained green by FITC-Phalloidin, the vinculin
is stained red by vinculin antibody, and the nuclei are stained blue by DAPI. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 8. In vitro ALP activity of BMSCs on samples in the eight groups. Values are
presented as mean ± SD for eight independent cultures. *p < 0.05 versus Ti-
M and Ti2448-M; #p < 0.05 versus Ti-SLA and Ti2448-SLA; &p<0.05 versus
Ti-MAO and Ti2448-MAO.

Fig. 9. Qualitative (A) and quantitative (B) analysis of cell mineralization on
samples in eight groups. Values are presented as mean ± SD for eight in-
dependent cultures. *p < 0.05 versus Ti-M and Ti2448-M; #p < 0.05 versus
Ti-SLA and Ti2448-SLA; &p < 0.05 versus Ti-MAO and Ti2448-MAO.

X. Zhan, et al. Materials Science & Engineering C 113 (2020) 111018

7



bone tissue and bone bonding on the MAO and AO surfaces in vivo are
not very clear, which needs to be further studies through in vivo ex-
periments, and further efforts need to be made to explore the methods
to enhance the bonding strength of the coating and the substrate ma-
terials. The effects of elements on bone formation also need to be ex-
plored and verified by detailed experiments.

5. Conclusions

After the same surface treatment, the surface morphology of pure
titanium and titanium 2448 alloy is obviously different; a micro-
structure can be formed by sandblasted, large-grit, acid-etched and
micro-arc oxidation, and a nanostructure can be formed by anodic
oxidation.

The results for cell proliferation and cell adhesion on the surface of
the materials showed the increase of roughness is not conducive to cell
growth, but the surface of micro-arc oxidation is opposite.

ALP activity and extracellular matrix mineralization showed that
roughness was favorable for cell differentiation, and the surface of

Ti2448 nanostructure with good hydrophilicity was the most favorable
for bone formation.

In conclusion, Ti2448 alloy after surface modification has good
osteoblast bioactivity, and anodic oxidation is the best method of three
surface modifications to further improve bone formation in vitro.
Ti2448-AO and Ti2448-MAO have potential for clinical application.
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