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Abstract: Bioactivity and stress shielding are the most important problems of medical implanted
porous titanium. In this study, porous titanium with 40% porosity was prepared by one-step spark
plasma sintered (SPS) technology, and the surface of porous titanium was modified by a simplified
alkali treatment method. The effects of a high concentration on pore properties, mechanical properties,
and biological activities of porous titanium were investigated. The results show that the surface of
porous titanium treated with a high concentration of alkali forms an interconnected network layer,
which provides nucleation points for the formation of apatite. Porous titanium can still meet the
requirements of hard tissue replacement after treatment with high-concentration alkali solution (yield
strength (130 MPa) and elastic modulus (6.0 GPa)). A layer of apatite is formed on the surface of
porous titanium after alkali treatment. The ability of inducing apatite formation increases with the
increase of lye concentration. In addition, the results of proliferation and live dead cell staining
of bone mesenchymal stem cells (BMSC) showed that alkali treatment had no toxic effect on the
cells. With the increase of concentration, the cell activity was significantly enhanced. Therefore, the
bioactive porous titanium modified with simplified alkali has a good medical prospect as artificial
bone material.

Keywords: porous titanium; alkali-treatment; network structure; mechanical properties; in vitro bioac-
tivity

1. Introduction

Titanium has been used as artificial bone materials under biomechanical load-bearing
conditions because these substances have excellent mechanical properties and biocompat-
ibility [1-4]. However, the elastic modulus of Ti (106.4 GPa) is quite different to that of
human bone (2~30 GPa), resulting in a stress shielding effect at the implantation interface
that eventually leads to undesirable side effects. Implementing porous Ti can reduce its
elastic modulus significantly to improve mechanical fitness [5-7]. In recent years, Spark
plasma sintering (SPS) has become the most effective sintering method for ceramics, metals,
alloys, and composites because of its rapid densification and one-step molding [8,9]. Zhang
et al. [10] successfully prepared porous titanium with a porosity of 38% by the one-step SPS
technique using NH4HCO3 as a space holder without binder. Porous titanium not only has
a large plasticity, but also has a suitable elastic modulus (11.2 GPa, close to the modulus of
human bone) and a high compressive strength (287 MPa).

The introduction of porous structures favors the long penetration of tissue cells,
even so, porous titanium is still a biologically inert material and cannot actively induce
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phosphate deposition. As a result, it cannot promote chemical bonding between bone tissue
and implants and its bone integration ability is poor, rendering limited clinical application.
To address this issue, various surface modifications are applied to Ti and its alloys to
improve their biological activity. At present, these modifications include plasma spraying,
ion implantation, chemical deposition, and micro-arc oxidation technology, which enhance
the bioactivity of Ti by changing the chemical composition, roughness, and morphology
of its surface [11-17]. Among these methods, treatment with a strong alkali solution
has been widely investigated because of its operational convenience, practicality, and
effectiveness [18,19]. Yao et al. [20] used acid-alkali treatment to form micro-nanostructures
on the surface of porous Ti samples, which effectively improved the bioactivity without
damaging the elastic modulus and compressive strength. Zeng et al. [21] used alkali
treatment to fabricate rough, homogeneous nano-reticular structures on Ti implant surfaces,
and in vivo experiments in animals showed that these implants contributed to a sustained
induction of osteogenesis and exhibited a faster osseointegration ability than conventional
Ti implants. Improved osseointegration may be observed because the nanoscale surface
presents a larger surface area that can better promote protein adsorption, cell adhesion and
proliferation, gene regulation, and tissue integration [22,23]. In addition, nanostructures on
Ti surfaces can also alter conformation of the arginine-glycine-aspartate-serine adhesion
ligand to promote cell adhesion, and these ligands may be more exposed on nanoscale
surfaces than on other types of surfaces [24]. Kim et al. [25] soaked commercial pure Ti
plates and powder in 5 M NaOH and 5 M KOH solution for 24 h in the same temperature
range (37-90 °C) and formed nanostructures of hydrated titanate layer on their surfaces,
increasing the surface area by 50220 times. However, in vitro cell culture experiments
showed that KOH treatment or higher temperatures (60 °C or 90 °C) induced a decrease in
cell adhesion and differentiation ability.

A large number of studies have shown that alkali treatment can significantly improve
the bioactivity of titanium and titanium alloys [26-32]. However, there is little discussion on
how different alkali concentrations affect the construction of surface nano-reticular layers,
with resultant effects on the pore characteristics, mechanical properties, and biological
activities of porous titanium. In this study, we aim to describe the resultant effects on pore
characteristics, chemical composition, mechanical properties, mineralization, and in vitro
bioactivity. To achieve this, we prepared porous titanium with 40% porosity by one-step
SPS. In addition, the porous titanium was treated with 5 M, 10 M, and 15 M NaOH solutions
at 60 °C for 24 h to prepare a nanoscale network of sodium titanate on its surface. The
resultant surface pore characteristics, chemical composition, and mechanical properties are
discussed; in vitro mineralization simulations are conducted, as well as cell viability tests.

2. Materials and Methods
2.1. Preparation of Materials

Figure 1 contains a flow chart illustrating the preparation of porous titanium and its
subsequent alkali treatment. For raw materials, we used Ti powder (purity > 99.5%, particle
size <30 pm, (Zhong Nuo Advanced Material Technology, Beijing, China), NH;HCO;
(AR-grade purity, Aladdin Biochemical Technology, Shanghai, China), and NaOH particles
(purity > 99.5%, Feng Chuan Chemical Reagent, Tianjin, China). First, 15 g of blended Ti
and NH4;HCO; powder (with a NH4HCOj5 ratio of 40% vol) was weighed, pre-pressed,
and the blank body was loaded into a graphite mold before sintering was conducted using
spark plasma sintering equipment (SPS-515S, Syntex Inc., Kawasaki, Japan).
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Figure 1. Experimental flow chart: (a) The Ti powder of ball milling for 2 h was mixed with
NH;HCO;3, and the blank was pressed for 30 min. (b) The blank formed by pressing was put
into the sintering chamber of SPS sintering equipment, and porous titanium was sintered in one
step for 10 min. (c) Sintered porous titanium was cut into round pieces and soaked in a high
concentration of sodium hydroxide solution for 24 h for alkali treatment modification. The immersion
temperature was maintained at 60 °C using a constant water bath. Finally, in vitro biological activity
evaluation of alkali-treated porous titanium was carried out (in vitro mineralization experiment and
cell proliferation and live dead cell staining experiment of bone marrow stem cells).

2.2. Alkali Treatment

The pore structure of porous titanium was protected by non-pressure sintering. NaOH
was prepared at concentrations of 5, 10, and 15 mol/L (M) (Table 1). Porous Ti samples
produced by sintering were placed in respective NaOH solutions at 60 °C and soaked for
24 h. Thereafter, the Ti samples were removed, cleaned first ultrasonically and then with
absolute ethanol and deionized water, and lastly dried in an electric blast drying at 40 °C
for 2 h for later use.

Table 1. The preparation and use of different NaOH concentration.

Sample Number NaOH Granules (g) Deionized Water (mL)
1# (Untreated porous titanium) 0 0
2# (Porous titanium treated with 5 M NaOH) 10 50
3# (Porous titanium treated with 10 M NaOH) 20 50
4# (Porous titanium treated with 15 M NaOH) 30 50

2.3. Characterization

The surface morphology and composition of the samples were analyzed via scanning
electron microscope (SEM) (Quanta 200, FEI, Waltham, MA, USA) and energy-dispersive
spectrometer (EDS). An X-ray photoelectron spectrometer (XPS, Thermo Scientific Escalab
250Xi, Waltham, MA, USA) was used to analyze the valence and chemical composition of
Ti surface elements. The Ti pore structure was observed with a metallographic microscope
(Nikon ECLIPSE MA200, SHIMADZU, Tokyo, Japan), and pore parameters were analyzed
by Image ] software (version 1.51, National Institutes of Health, NIH, Bethesda, MD, USA).
Following GB/T33820-2017 standards, the porous samples were cut into a cylinder with a
diameter-to-height ratio of 1:2 and compression tests were performed on a microcomputer-
controlled electronic universal testing machine (Criterion 40, MTS, Eden Prairie, MN, USA).
The loading rate was 0.5 mm/min, and the average value of a group of samples was
measured thrice.
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2.4. In Vitro Bioactivity Experiment

Artificial simulated body fluid (SBF) of our own configuration was used for the
mineralization experiment, and the components of the solution were as follows: NaCl18.00 g,
KCl10.40 g, NaHCO3 0.35 g, CaCl, 0.14 g, MgSO,4-7H,0 0.10 g, Na,HPO4-12H,0 0.12 g,
KH;PO4 0.06 g, glucose 1 g, and 1 L deionized water, evenly stirred. The mineralization
period was 14 days and the SBF solution was changed daily.

To investigate the effect of different alkaline concentrations on cellular activity, cell
proliferation and viability experiments were conducted. Bone marrow mesenchymal stem
cells (BMSC) (provided by the Institute of Primate Translation, Kunming University of
Science and Technology, Kunming, China) were selected for culture and collected by trypsin
digestion. The cells were resuspended in 1 mL high-glucose Dulbecco’s modified Eagle’s
medium (x-MEM, Gibco, Gaithersburg, MD, USA) for cell counting. Cells were seeded
into a 96-well plate (3 x 103 cells per well) and 100 puL of sample extracts were added to
the well plates according to experimental groups. Three wells containing blank controls
(100 pL high-glucose Dulbecco’s modified Eagle’s medium per well) were set at different
time points, and CCK-8 (Sigma, Louis, MO, USA) was detected after 24 h, 48 h, and 72 h,
respectively. The 96-well plate was removed, 10 uL CCK-8 solution was added to each well,
and then put back in the incubator to avoid light and incubated for 4 h. The optical density
value of each well in the 96-well plate was detected by microplate reader at 450 nm.

The four Ti sample types (refer to Table 1) were sterilized by ultraviolet irradiation
for 1 h and placed in 24-well plates. BMSC were seeded onto each sample surface at a
density of 1 x 10* cells per well and incubated for 72 h in a CO, incubator. Thereafter, the
medium was removed, samples were rinsed once with phosphate-buffered saline solution,
and 500 pL of calcein AM and propidium iodide stain (CA1630, Solarbio, Beijing, China)
was added prior to another 20 min incubation period at 25 °C. The staining solution was
sucked off, and the sample was rinsed once with phosphate-buffered saline solution. Lastly,
the sample was placed on a slide under a cover glass and observed upside down under a
laser confocal microscope (FV1000, Olympus, Tokyo, Japan).

2.5. Statistical Analysis

All statistical analyses were performed with SPSS software (version 16.0, SPSS Inc.,
Chicago, IL, USA). The results were expressed as the mean + standard deviation (SD), the
independent experiment was duplicated at least three times. A one-way ANOVA was used
to analyze the data. It was considered statistically significant when * p < 0.05.

3. Results
3.1. Pore Characteristics

Figure 2 shows the optical micromorphology and pore size frequency distribution of
porous Ti across test groups, with pore size ranging from 50 pm to 700 um. The porosity,
pore size, and roundness of NaOH-treated porous Ti were analyzed using Image] software.
As the concentration of NaOH solution increased, the porosity of Ti decreased from 40.97%
to 39.57%, average diameter decreased from 215.2 pm to 201 um, and hole roundness
decreased from 0.629 to 0.552.

These results indicate that the concentration of NaOH used had little effect on the
porosity and pore size, but significantly reduced the hole roundness of porous Ti. Pore
size on the surface of untreated porous Ti was evenly distributed (Figure 2a). At NaOH
treatment concentrations under 15 M, the number of pores between 50 uym and 100 pm
decreased sharply due to the corrosive effect of the NaOH solution. As independent small
pores became eroded, they expanded and connected with one another to form larger pores,
which increased the pore connectivity to a certain extent. However, when the NaOH
concentration reached 15 M, a large number of micropores (<50 um) appeared on the
surface of the porous Ti (metallographic diagram in Figure 2d), which was due to a pitting
corrosive effect that increased the number of independent micropores and reduced pore
connectivity. Studies have shown that 100-500 pm pore sizes are most suitable for tissue cell
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adhesion and ingrowth, and the three-dimensional connected pore structure is conducive
to the transport of blood and nutrients. Therefore, the alkaline concentration should not
be too high during treatment to avoid a large number of independent micropores, which
would affect the connectivity of the pores [33-36].

40 40
I Untreated porous Ti a I 5M NaOH-treated porous Ti b
354 O Gaussian fit of pore frequency 35 O Gaussian fit of pore frequency
B B
- )
2 5
g g
=2 Q
=) -]
) P
& &
) e
DS LN DD
SSESTESLETESESSES
Pore diameter /pum Pore diameter /pm
40 . 40
I 10M NaOH-treated porous Ti C ~ I 15M NaOH-treated porous Ti
35 O Gaussian fit of pore frequency 354 \&W(‘/ O Gaussian it of pore frequency

Pore freguency / %

Pore freguency / %

Pore diameter /um Pore diameter /um

Figure 2. Optical microscopic morphology and aperture size frequency distribution of porous Ti after
being treated with different concentrations of NaOH. (a) Untreated porous Ti. (b) 5 M NaOH-treated
porous Ti. (c) 10 M NaOH-treated porous Ti. (d) 15 M NaOH-treated porous Ti.

3.2. Microstructure and XPS Analysis

Figure 3 shows the SEM morphology of porous Ti surfaces exposed to different con-
centrations of NaOH. The surface of untreated porous Ti was relatively smooth compared
to the rough surfaces of samples that received alkali treatment and were covered with
a layer of needle-like material. Local magnification of the yellow boxes in Figure 3 re-
veals that a layer of nanoscale reticular structures formed on the surface of porous Ti after
NaOH treatment. At a concentration of 5 M NaOH (Figure 3b), these reticular structures
were relatively independent with shallow pores. With an increase in NaOH concentration,
a three-dimensional interconnected reticular structure took shape. At 10 M NaOH, the
network structure was interwoven and uniform in thickness, pores were deepened, and a
flower cluster-like nanostructure appeared (Figure 3c). When the concentration of NaOH
treatment was 15 M (Figure 3d), the pores exhibited a larger diameter and deepened,
representing a significant contrast in morphology. We conclude that an increase in NaOH
solution concentration is conducive to the formation of a three-dimensional and intercon-
nected nanonetwork structure on the surface of porous Ti, which increases its surface area
and roughness.

Figure 4 shows the surface scan and EDS energy spectrum of a needle-like structure,
and it shows the point scan and EDS energy spectrum of a flower cluster-like structure,
as had been observed in Figure 3c. The needle-like material was mainly composed of
Na and O elements with atomic percentages of 51.56% and 47.68%, respectively, and this
Na:O atomic ratio of approximately 1:1 indicates that the needle-like material was residual
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NaOH on the Ti surface. Point scanning of point A in Figure 4c shows that the structure is
mainly composed of Na, Ti and O, with atomic percentages of 28.92%, 9.43% and 61.64%,
respectively. We speculate that the substance may be sodium titanate salt. However, the
changes in chemical composition and element content of porous Ti after varying NaOH
treatments need to be further analyzed by XPS.

1 pm

Figure 3. SEM morphologies of porous titanium treated with different concentrations of NaOH
solutions: (a) Untreated porous Ti. (b) 5 M NaOH-treated porous Ti. (c¢) 10 M NaOH-treated porous
Ti. (d) 15 M NaOH-treated porous Ti.

Figure 4. (a) Surface sweep of the needle-like structure observed in Figure 3c, along with (b) its EDS
energy spectrum; (c) Point scan of the flower cluster-like structure observed in Figure 3¢, along with
(d) its EDS energy spectrum.
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Figure 5 shows the full XPS spectrum of NaOH-treated Ti surfaces. The main com-
ponents of untreated Ti surfaces were Ti, O, and C. After NaOH treatment, the porous
Ti surface exhibited four elements: Ti, O, Na, and C. The carbon element may be from
molecular pollution introduced by the diffusion pump oil of the test system itself or may
be from carbon pollution from the air. O and Na may originate from sodium titanate, the
chemical product of alkaline-treated Ti surfaces. Ti exposed to air forms a passivation
film (TiO;) on its surface and, after soaking in NaOH, a layer of sodium titanate will be
generated on its surface according to the following reaction [37-39]:

TiO, + NaOH — Na, TiO3 + H,O (1 —1)

Untreated porous Ti ] a Untreated porous Ti b
—— 5M NaOH-treated porous Ti ——— 5M NaOH-treated porous Ti
——— 10M NaOH-treated porous Ti ——— 10M NaOH-treated porous Ti
——— 15M NaOH-treated porous Ti _ — 15M NaOH-treated porous Ti
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Figure 5. (a) XPS full spectrum of porous Ti treated with different NaOH concentrations and (b) the
high-resolution fine spectrum of Nals, as circled with brown dashes in (a).

The binding energies of Na* on the surface of Ti treated with 5 M, 10 M, or
15 M NaOH were 1071.67 eV, 1071.97 eV, and 1071.41 eV, respectively, which correspond to
the binding energies of Na* in Na,TiO3 and Nap,COj3 as shown in Figure 5b.

Figure 6 shows the high-resolution fine peak-fitting diagram of the binding energy of
O element on porous Ti following its treatment with different concentrations of NaOH. By
correcting for the standard peak of Cls at 284.8 eV, it was found that the binding energy
of O ranged from 529.87 eV to 530.98 eV, which corresponds with the binding energy
of O~ in metal oxides. In the fine spectrum of untreated porous titanium Ols and the
porous titanium Ols treated with 5 M NaOH, the respective binding energies at 531.50
eV and 531.86 eV corresponded to that of O in the adsorbed water on the porous titanium
surface (Figure 6a,b). The binding energy ranges from 531.50 eV to 531.60 eV, which
corresponds with the appearance of O~ in the metal carbonate after alkali treatment, the
metal carbonate is mainly present due to the reaction of the residual on the porous titanium
surface after high concentration treatment with CO, in the air to form Nay;COs,
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Figure 6. The high resolution fine peak fitting diagram of the binding energy of O element on porous
Ti after NaOH treatment with different concentrations, (a) Ols peak fitting diagram of untreated
porous Ti. (b) Ols peak fitting diagram of 5 M NaOH-treated porous Ti. (c) Ols peak fitting diagram
of 10 M NaOH-treated porous Ti. (d) Ols peak fitting diagram of 15 M NaOH-treated porous Ti.

Figure 7 shows the high-resolution fine-peak fitting of Ti2p after alkaline treatment
with different concentrations of NaOH. In the map for untreated Ti2p, the main peaks
of Ti2ps,, and Ti2p; /, were at 458.8 eV and 464.5 eV, respectively, and the difference in
binding energies between these peaks was 5.7 eV, which is consistent with the standard
energy spacing of Ti metal oxides [40,41]. The relative contents of Ti and O were calculated
via their relative sensitivity factors. The percentages of Ti and O atoms in untreated porous
Ti were 17.62% and 38.93%, respectively, representing a ratio of approximately 1:2. Ti**
exists on the surface of untreated porous Ti in the form of TiO,, Ti* * exists in the form
of TiO; on the surface of untreated porous titanium, while TiO3 and TiO on the surface
may be caused by incomplete oxidation of porous titanium in air after sintering, as shown
in Figure 7a. The peak fitting of Ti2p after alkali treatment is shown in Figure 7b—d. The
binding energies of the new double peaks are 459.03 eV and 464.73 eV (Figure 6b) after
5 M NaOH treatment, 458.34 eV and 464.04 eV (Figure 7c) after 10 M NaOH treatment,
and 458.33 eV and 464.07 eV (Figure 7d) after 15 M NaOH treatment. The binding energy
spacing is still 5.7 eV, which is consistent with the binding energy spacing of titanium
metal oxides. For 5M, 10 M, and 15 M NaOH treatment, the percentage of Ti atoms was
16.25%, 17.96%, and 18.85%, respectively, and the percentage of O atoms was 48.58%,
55.85%, and 54.32%, respectively. The ratio of Ti and O atoms is between 2.99~3.11, which
is consistent with the ratio of Ti and O atoms in sodium titanate Na,TiO3. According to
XPS semi-quantitative analysis, the content of Ti2p in Na,TiO3 increased from 39.12% to
66.79% with the increase in treatment concentration. The surface material composition of
porous Ti following alkaline treatment is mainly TiO, and Na,TiOj3 (in addition to the Ti
matrix). Na, TiO3 content increased while that of TiO, decreased with an increase in NaOH
treatment concentration. It was difficult to detect Ti in the matrix following exposure to a
high concentration of NaOH (Figure 7c,d).
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Figure 7. The high-resolution fine-peak fitting of Ti2p after alkaline treatment with different concen-
trations of NaOH, (a) Ti2p peak fitting diagram of untreated porous Ti. (b) Ti2p peak fitting diagram
of 5 M NaOH-treated porous Ti. (c) Ti2p peak fitting diagram of 10 M NaOH-treated porous Ti.
(d) Ti2p peak fitting diagram of 15 M NaOH-treated porous Ti.

3.3. Mechanical Property

Figure 8a is the compressive stress—strain curve of NaOH-treated porous Ti, and
Figure 8b is the yield strength and elastic modulus of the synthesis. From the diagram, it
can be seen that the compressive stress—strain curve deformation of the four porous titanium
materials is divided into three stages: (I) elastic stage, (II) plastic stage, (III) densification
stage. It is generally believed that the boundary between the elastic stage and the plastic
stage is the yield limit. In the elastic stage, the stress—strain curve of porous titanium is
basically linear. In the plastic stage, the stress slows down with the increase of strain,
and a short plastic yield platform appears. Compaction occurs at the end of the plastic
stage. As long as the porous structure collapses, the pressure decreases at this stage. When
the collapsed hole walls are gradually compacted together, the required pressure rises
again, so the final pressure curve shows an upward trend. The compressive stress—strain
curves of porous titanium treated with different concentrations of alkali have a long yield
deformation stage, which is similar to that of untreated porous titanium, indicating that
the increase of alkali concentration will not destroy the plasticity and toughness of porous
titanium. Furthermore, alkaline treatment decreased the yield strength of porous Ti from
168 MPa to 130 MPa and decreased the elastic modulus from 7.8 GPa to 6.0 GPa. In
other words, NaOH treatment can significantly reduce the maximum bearing force and
elastic modulus of porous Ti to effect permanent deformation. There were no significant
differences in either the yield strength or elastic modulus of Ti between groups treated with
10 M and 15 M NaOH.

According to the literature [42—44], the shape and number of pores can significantly
influence the performance of porous material under compression. When pores are subor-
bicular, pressure causes stress concentration at the pore tips, and stress overload near the
hole can cause micro cracks. Due to the combined presence of micro cracks and stress con-
centration, stress continues to the load and the cracks extend rapidly. In other words, when
the concentration of NaOH treatment was increased in our study, the roundness of Ti pores
decreased, the number of pore tip increased, and as a result, the porous titanium became
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prone to deformation under force. When the concentration is 15 M, the elastic modulus of
porous titanium decreases while ensuring a certain compressive strength (130 MPa), which
improves the mechanical fitness of porous titanium.
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Figure 8. Compressive stress—strain curves, yield strength, and elastic modulus statistics of porous
titanium treated with different concentrations of NaOH solution. (a) Compressive stress-strain curves
of porous titanium treated with different concentrations of NaOH, (b) Compressive yield strength
and elastic modulus histogram of porous titanium treated with different concentrations of NaOH.

3.4. In Vitro Bioactivity Evaluation

Figure 9 shows the surface morphology and sweep of porous Ti that had mineralized
for 14 days after being treated with different concentrations of NaOH. Almost no mineral-
ization occurred on the surface of untreated porous Ti, while uniformly distributed white
flocculent material was deposited on NaOH-treated samples. At a 5 M concentration of
NaOH, titanium was still visible in the matrix. As the NaOH concentration increased, the
amount of sediment increased significantly until the porous Ti surface was almost com-
pletely covered at NaOH concentrations of 10 M and 15 M. Magnification of the flocculent
sediment reveals that the porous network structure on the Ti surface was still distinctly
visible after alkaline treatment. When the NaOH concentration was 10 M and 15 M, the
sediment had entirely filled the pores of the network structure, and the cut distribution
was uniform. Scans of the surface indicated that it was virtually covered by a uniform
distribution of Ca, P, and O elements (Figure 91 h).

Table 2 shows the proportions of elements present on the Ti surfaces of test samples
after 14 days of mineralization. Untreated Ti possessed only trace elements of Ca and P.
With the increase in NaOH concentration of treatments, the Ca, P, and O content on the Ti
surface following mineralization increased significantly. The ratios of Ca to P atoms were
0.5,1.62,1.69, and 1.76 for NaOH concentrations of 0 M, 5 M, 10 M, and 15 M, respectively.
The three ratios observed for NaOH-treated and mineralized Ti were close to the Ca:P ratio
of apatite (1.67), and the samples of groups 3# and 4# contained relatively more elements
after mineralization. In other words, when the concentration of NaOH treatment solution
was 10 M and 15 M, the mineralization results of porous Ti are similar, and when the
concentration was 10 M, the Ca:P following Ti mineralization was the closest to that of
bone-like apatite.

Table 2. The proportions of elements present on the Ti surfaces of test samples after 14 days of
mineralization.

Sample Proportions of Elements (at%)

Number Ti (@) Ca P Na
1# 61.32 35.71 0.29 0.58 1.23
2# 14.65 59.22 11.09 7.05 2.25
3# 1.47 60.71 22.52 13.30 0.66

4# 1.92 61.33 22.05 12.56 0.69
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Figure 9. The surface morphology of porous titanium mineralized for 14 days after different con-
centrations of NaOH treatment. (a) Untreated porous Ti, (b) EDS diagram of untreated porous Ti,
(c) 5 M NaOH-treated porous Ti, (d) EDS diagram of 5 M NaOH-treated porous Ti, (e) 10 M NaOH-
treated porous Ti, (f) EDS diagram of 10 M NaOH-treated porous Ti, (g) 15 M NaOH-treated porous
Ti, (h) EDS diagram of 15 M NaOH-treated porous Ti.

Figure 10 illustrates the mineralization mechanism observed. The deposition of alkali-
treated titanium surface apatite when immersed in SBF can be explained by electrostatic
attraction principles. Ion exchange occurs between Na* in the sodium titanate on the
porous titanium surface behind the base, and H3O" in the SBF. This leads to the formation
of many negatively charged Ti-OH functional groups on the Ti surface; Ca’* with the
negatively charged Ti-OH attracts to aggregate on the porous titanium Ti surface due to
electrostatic attraction. These Ti OH-functional groups are able to induce apatite nucleation.
Due to the negative charge of Ti-OH [45], it attracts the positively charged Ca* to the Ti
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surface. As Ca?* accumulates, it binds to the negatively charged PO4>~ and CO;32" to form
a calcium phosphate, which is eventually converted to apatite. Once the apatite is nucleated,
it will continue to grow by absorbing both Ca?* and PO43~, eventually forming a dense
and uniform apatite coating. The results showed that the higher the lye concentration, the
thicker the sodium titanate mesh layer was, and the more Na* was released, enhancing
the ability to induce apatite formation. When treated with 10 M and 15 M NaOH, porous
Ti showed an excellent ability to induce the formation of bone-like apatite, significantly
improving its potential for bioactivity.

SBF solution
o . Ca* co
Porous titanium . ¢ G @ co;
Na,TiO; @ ros H;0*
P ey : N
® TtioH apatite
¥ 37°C © N

Figure 10. Schematic diagram of the mineralization mechanism of porous Ti treated with NaOH.

Figure 11 outlines the cell proliferation assay for BMSCs with porous titanium treated
with different concentrations of base. Mitochondria in living cells oxidize and reduce the
dehydrogenase in cck-8 to form a water-soluble orange-yellow formazan dye, while dead
cells do not have this function. The optical density (OD) of formazan was measured by a
microplate reader at a wavelength of 450 nm, that is, the absorbance of a substance at a
specific wavelength. The absorbance is proportional to the concentration of the substance,
so the larger the OD value, the more the number of living cells. At the early stage of BMSC
proliferation (24 h), there was no significant difference in cell proliferation between the test
and control groups (* p > 0.05). However, the OD values of the four test materials gradually
increased over time. After 48 h of culture, BMSC activity was significantly enhanced on the
porous Ti surfaces that had been subjected to NaOH treatment; the optical density value
of the cells increased with an increase in NaOH concentration. When the concentration
of NaOH was 15 M, the cell proliferation on the Ti surface was significantly higher than
that of cells on Ti treated with 10 M and 5 M NaOH (* p < 0.05), which was statistically
significant. After 72 h of culture, the effect of NaOH-treated porous Ti on cell proliferation
was significantly stronger than that of untreated porous Ti. At this stage, the results of the
cell proliferation experiment in the control group were consistent with that of the cell dead
cell staining experiment. We can thus conclude that alkaline treatment had no toxic effect
on cells and significantly improved the activity of porous titanium, where the increased
concentration of sodium hydroxide treatment is favorable to cell proliferation.

Figure 12 shows the Calcein-AM and propidium iodide staining results of BMSC
cultured on different titanium substrates for 3 days. The blue stains are cell nuclei, green-
stained cells are living cells, and red-stained cells are dead. After 72 h of BMSC culture,
a small number of dead cells appeared in the blank control group and on untreated Ti
surfaces, but there were still many green living cells on the porous surface, showing good
activity. The cells of all NaOH-treated groups were in good condition. Compared to the
untreated group, NaOH-treated groups displayed a significant increase in the number of
green viable cells and only a few red dead cells. This is because the three-dimensional
interconnected nanoscale network structure on the surface of NaOH-treated Ti is conducive
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to the growth and attachment of cells. Compared to the blank control group, the 10 M and
15 M NaOH-treated groups displayed a similar number of living cells but less dead cells.
The results indicate that porous Ti promotes cell proliferation effectively and increase cell
activity following treatment with high concentrations of NaOH.

4.0
I Control group
3.5 Untreated porous Ti
o 5M NaOH-treated porous Ti
3.0 10M NaOH-treated porous Ti *
- I 15M NaOH-treated porous Ti —'*——|
o 2.59 o
= ; = *
5] _ 3
> 2.0 == T
2 =
1.54 o &
1.04
0.5 4
0.0
24 48 72

Culture time/hour

Figure 11. Proliferation of BMSC on different porous titanium surfaces, * p < 0.05, n = 3.

DAPI Merge

Control Group

Untreated porous Ti

5M NaOH-treated
porous Ti

10M NaOH-treated
porous Ti

15M NaOH-treated
porous Ti

Figure 12. Live and dead cell staining of BMSC on different porous Ti surfaces. Blue stains are cell
nuclei, green cells are live cells, and red cells are dead.
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4. Conclusions

A porous titanium surface prepared using the SPS one-step forming method was
rapidly bioactivated by alkali treatment. Compared with those of untreated porous tita-
nium, the surface activity, surface area, and roughness of porous titanium were significantly
enhanced by the network structure prepared by alkali treatment. With the increase of alkali
treatment concentration, the connectivity of the sodium titanate network on the porous tita-
nium surface was better. The mechanical properties of porous titanium were not damaged
by alkali treatment. The surface of the treated samples was mainly composed of sodium
titanate and TiO,. With the increase in the concentration of alkali treatment, the ability
of porous titanium to induce apatite formation was enhanced. The number, survival rate,
and cell activity of porous titanium BMSCs increased after alkali treatment. Therefore, in
this study, the alkali treatment modification of low-modulus porous titanium prepared by
the SPS one-step molding process not only improved its mechanical compatibility without
destroying its plasticity and toughness, but also significantly enhanced the bioactivity of
porous titanium in vitro. The alkaline treatment method in this study solves the problem of
insufficient biological activity of medical titanium with low cost and high efficiency, which
makes it have a potential application prospect in the biomedical field.
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