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The optimal temperature for the alkaline treatment and subsequent heat treatment is determined to optimize the nanoporous
structures formed on Ti6Al4V titanium alloy plates. Surface characterization of the alkali-heat treated samples was performed by
scanning electron microscopy, atomic force microscopy, X-ray photoelectron spectroscopy, and X-ray diffraction. The effects of
heating temperatures on albumin adhesion, rat bone marrow mesenchymal stem cells (BMMSCs) adhesion, alkaline phosphatase
activity, osteocalcin production, calcium deposition, and Runx2 mRNA expression were evaluated. The nanotopography, surface
chemistry, and surface roughness were unchanged even after heat treatments at 200, 400, and 600∘C. Only the amorphous sodium
titanate phase changed, increasing with the temperature of the heat treatments, which played a crucial role in promoting superior
cell adhesion on the nanoporous surface compared with the sodium hydrogen titanate obtained by a single alkali treatment. The
heat treatment at 800∘C did not enhance cell attachment on the surface because the nanostructure was dramatically destroyed with
the reappearance of Al and V. This study reveals that nanoporous structures with amorphous sodium titanate were fabricated on
Ti6Al4V surface through an amended alkali-heat treatment process to improve BMMSCs adhesion.

1. Introduction

Titanium alloys are the most frequently used metallic for
medical implants, due in part to the spontaneous protective
oxide coating that forms on their surface, although titanium-
6-aluminium-4-vanadium (Ti6Al4V) alloy has been used
most frequently as a biomaterial.The implantsmust have sur-
face treatments in advance for a successful osseointegration.
The surface characteristics of the implant material affect
the rate and extent of osseointegration. Vandrovcová and
Bačáková [1] recently reviewed the growing evidence demon-
strating that surface-modified materials are highly effective
for adhesion, growth, and osteogenic differentiation of cells.

The structures used in this study were nanostructures
similar to the titanium dioxide (titania, TiO

2
) nanotubes,

created by titanium deposition using the process of TiO
2

sputtering, and were named titanium nanosheets (TNS) [2].
Recently, it was shown that titania nanotubes and TNS can

be formed on titaniummetal surfaces by treatment with 10M
NaOH aqueous solution at 30∘C. It has also been shown that
treatment with NaOH aqueous solution produces a rough,
nanoscale surface. A previous study reported that TNS pro-
duced via chemical processing promoted osteogenic differ-
entiation of rat bone marrow (RBM) cells [3–5]. The surface
properties and structures of materials play important roles
in the adsorption of proteins, which might influence cell
behavior.

In recent study, we found TNS-modified titanium alloy
surfaces induce RBM cell bone differentiation [5]. Further-
more, X-ray photoelectron spectroscopy (XPS) analysis
revealed that Ti6Al4V releases its Al and V alloy species dur-
ingNaOH treatment; soAl andV are undetected on themod-
ified surface of treated alloy disks, whereas the contents of
Ti, Na, and O are barely affected by alkali treatment [5, 6].
Our previous research also reports that NaOH treatment
leads to the formation of a Ti-O-Na titanate layer on the Ti
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surface [4, 7]. V is known to exhibit biological toxicity, so
it is interesting that this component was undetected on the
TNS-modified titanium surface. However, this TNS hydrogel
layer is so brittle that it easily detaches from the implant and
can causemany problems, including degradation in the living
body due to inhomogeneous composition distribution.

Recently, methods for inducing bioactivity for direct
bonding between the bone and implant bymeans of chemical
surface modification of the biomaterial have been widely
studied. Kim et al. introduced combined alkali- with heat-
treatment as a method of surface modification of titanium
alloys to improve bioactivity [8]. However, some researchers
report that a stable sodium titanate hydrogel layer is fab-
ricated on the titanium surface during heat treatment after
alkali treatment [8–11]. The heat treatment subsequent to the
alkali treatment appears to be indispensable. Several in vivo
studies have shown that alkali-heat treated Ti and Ti6Al4V
alloy can bond directly to bone with a high bonding strength,
whereas fibers attached on the implant surface show a lack of
bone-bonding ability after a single alkali treatment [12–14].

The aims of the present study were to investigate the
combination of alkali treatment with various heat treatments
of the Ti6Al4V alloy and evaluate the ability of the modified
surface to affect the morphology, osteogenic differentiation,
and biocompatibility of RBM cells to increase the success
rate of titanium implants. The null hypothesis was that there
would be no difference in cellular behavior on titanium
surfaces as a result of different heat treatment at several
temperatures after NaOH treatment.

2. Materials and Methods

2.1. Sputtering Procedure. Ti6Al4V disks (15mm in diameter
and 1mm in thickness) of Ti grade 5 (chemical composition
in wt.% N: 0.02; C: 0.03; H: 0.011; Fe: 0.22; O: 0.16; Al:
6.12; V: 3.93; and Ti: balance) were prepared as the substrate
material (Daido Steel, Osaka, Japan). Nanoporous Ti6Al4V
alloy was produced by treatment with concentrated alkali
solution at room temperature, as published earlier. In short,
the alloy disks were successively polished with SiC abrasive
paper (600, 800, 1000, and 1500 grits), ultrasonically rinsed
in acetone, ethanol, and distilled water for 10min each, and
dried in air. The disks were soaked in 10M NaOH solution
at 30∘C for 24 h, washed with distilled water, and dried at
room temperature overnight to obtain the nanostructured
alloy samples. Following the alkaline treatment at 30∘C,
the samples were heated to 200, 400, 600, and 800∘C at a
rate of 5∘C/min in an electrical furnace, maintained at the
desired temperature for 1 h, and cooled naturally to room
temperature. An alloy subjected to only NaOH treatment was
used as a control sample.

2.2. Surface Analysis. The surface characterization of the
alkali-heat treated samples was observed by scanning elec-
tron microscopy (SEM) (S-4800; Hitachi, Tokyo, Japan) with
an acceleration voltage of 10 kV.

Atomic force microscopy (AFM) (SPM-9600; Shimadzu
Tokyo, Japan) was also performed to obtain themean average
surface roughness (𝑅

𝑎
), mean peak-to-valley height (𝑅

𝑧
),

and the two-dimensional surface topography. The surface
chemical composition was examined by X-ray photoelectron
spectrometry (XPS) (PHI X-tool; ULVAC-PHI, Kanagawa,
Japan). The thickness of the modified layer was also deter-
mined by XPS and Ar-etching [13]. The surface phase was
investigated by X-ray powder diffraction (XRD) (XRD-6100;
Shimadzu Tokyo, Japan). Spectra were recorded at 2𝜃 from
20∘ to 60∘ with CuKa radiation source operating at 40 kV and
200mA and a scanning rate of 2∘/min and an incident angle
of 1∘.

2.3. Protein Adsorption Assay. Bovine serum albumin (BSA),
fraction V (Pierce Biotechnology), was used as a model
protein. Protein solution (300 𝜇L, 1mg/mL protein in a saline
solution) was pipetted into each sample. After incubation for
1, 3, 6, or 24 h at 37∘C, nonadherent proteins were removed
and mixed with bicinchoninic acid (Pierce Biotechnology)
at 37∘C for 1 h. The amount of removed albumin and the
total amount of albumin inoculated were quantified using a
microplate reader at 562 nm. The rate of albumin adsorption
was calculated as the percentage of albumin adsorbed on
samples relative to the total amount of albumin in solution.

2.4. Cell Culture. Rat BMMSCs were isolated and cultured
according to our previously published procedures [12]. The
rat BMMSCs were obtained from the femurs of 8-week-
old Sprague Dawley rats. This experiment was approved by
the Guidelines for Animal Experimentation of Osaka Dental
University (approval number 14-03013). Primary cells were
cultured at 37∘C in a 5%CO

2
atmosphere in a growthmedium

containing minimal essential medium (Nacalai Tesque, Inc.,
Tokyo, Japan) supplemented with 10% fetal bovine serum
(FBS; Nacalai Tesque, Inc.) and antibiotic-antimycotic mixed
stock solution (Nacalai Tesque, Inc.). The culture medium
was changed every 3 days.

2.5. Cell Proliferation. Rat BMMSCs were seeded on the
specimens at an initial density of 4 × 104 cells/cm2, and cell
attachment was analyzed after 72 h and 7 d.The nonadherent
cells were removed by washing with phosphate-buffered
saline (PBS) after the appropriate incubation time. CellTiter-
Blue Reagent (50𝜇L) and PBS (250 𝜇L) were then added to
each well. The cell numbers were measured under CellTiter-
Blue Cell Viability Assay (Promega, Madison, WI, USA)
according to the manufacturer’s protocol.

2.6. Alkaline Phosphatase Activity. After 7 and 14 days of cul-
ture, cells were washed with PBS, lysed with 200𝜇L of 0.2%
Triton X-100 (Sigma, St. Louis, MO, USA) and the lysate
was transferred to a microcentrifuge tube containing a 5mm
hardened steel ball. Tubes were agitated on a shaker (Mixer
Mill Type MM 301, Retsch GmbH, Haan, Germany) at 29Hz
for 20 s to homogenize the samples. Alkaline phosphatase
(ALP) activity was measured using an Alkaline Phosphatase
Luminometric ELISA Kit (Sigma) according to the manu-
facturer’s protocol. The reaction was terminated with 3N
NaOH to a final concentration of 0.5N NaOH and p-
nitrophenol production was measured by absorbance at
405 nm using a 96-well microplate reader (SpectraMax M5,
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Molecular Device, Inc., Sunnyvale, CA, USA). DNA content
was measured using the PicoGreen dsDNA Assay Kit (Invit-
rogen) according to the manufacturer’s protocol. To normal-
ize ALP activity, the amount of ALP was normalized to the
amount of DNA in the cell lysate.

2.7. Osteocalcin ELISA Analysis. The sandwich enzyme
immunoassay used in this study was specific for rat osteocal-
cin (OCN) and can measure its levels directly in cell culture
supernatant after 21 and 28 days of culture.TheOCN levels in
cell culture supernatant were measured using a commercially
available ELISA Kit (Rat Osteocalcin ELISA Kit DS, DS
Pharma Biomedical Co., Ltd., Osaka, Japan) according to the
manufacturer’s instructions.

2.8. Mineralization. Calcium deposited in the extracellular
matrix was measured after dissolution with 10% formic acid.
The amount of calcium was quantified using a Calcium E-
Test Kit (Wako Pure Chemical Industrials Ltd.). After 21 and
28 days of culture, 1mL Calcium E-Test reagent and 2mL
kit buffer were added to 50𝜇L of collected medium, and
the absorbance of the reaction products was measured at
610 nm using a 96-well microplate reader (SpectraMax M5).
The concentration of calcium ions was calculated from the
absorbance value relative to a standard curve.

2.9. Real-Time PCR Analysis. After 3 days of culture, the
total RNA was extracted from the cells and cDNA was
synthesized from 1 𝜇g of RNA using a High Capacity cDNA
Archive Kit (Applied Biosystems Inc., Foster City, CA, USA).
Runx-2 mRNA expression was investigated by real-time
reverse transcriptase-polymerase chain reaction (RT-PCR)
using a StepOne Plus Real-Time RT-PCR System (Applied
Biosystems). In a fast 96-well reaction plate (0.1mL well
volume; Applied Biosystems), 10 𝜇L of Taqman Fast Uni-
versal PCR Master Mix, 1 𝜇L of Runx2 primer (Taqman
Gene Expression Assays), 2𝜇L of sample cDNA, and 7 𝜇L
of diethylpyrocarbonate (DEPC) water (Nippongene) were
added to each well. The plate was subjected to 40 reaction
cycles of 95∘C for 1 s and 60∘C for 20 s. The reactive gene
expression rate was calculated employing the ΔΔCt method
[11] in each group assuming the gene expression rate of the
negative control group.

2.10. Statistical Analysis. Statistical analysis was performed
by one-way analysis of variance followed by Turkey’s test. All
results were based on a mean ± standard deviation from five
random fields of each sample. Differences were considered
statistical at 𝑃 < 0.05.

3. Results

3.1. Surface Morphology. The alkali treatment with 10M
NaOH at 30∘C created a nanoporous network structure on
Ti6Al4V alloy surfaces. Observation of the porous network
structure at the nanoscale showed that the pores were well
interconnected with an average diameter of about 50 to
100 nm at 30∘C. Figure 1 shows SEM images of the surfaces of
the NaOH-treated alloy that were subsequently subjected to

Table 1: Surface roughness of the specimens subjected to alkali
treatment (A30) and alkali-heat (AH) treatments under various
subsequent heating temperatures.

𝑅
𝑎

(nm) 𝑅
𝑧

(nm)
A30 26.581 291.280
AH200 23.412 288.217
AH400 25.635 340.186
AH600 25.444 272.379
AH800 165.384 372.140

Table 2: Surface chemical compositions of the specimens subjected
to alkali treatment (A30) and alkali-heat (AH) treatments under
various subsequent heating temperatures.

Treatment Chemical composition (at%)
O Na Al Ti V

A30 66.39 5.15 0 28.46 0
AH200 66.68 5.08 0 28.24 0
AH400 67.03 4.89 0 27.93 0
AH600 67.18 4.97 0 27.65 0
AH800 70.23 0.12 14.62 10.20 4.83

heat treatments at various temperatures.Therewas no evident
variation of the nanoporous structure on thermally oxidized
Ti6Al4V alloy surfaces after heat treatments at 200, 400, or
600∘C, but the nanoporous structure got damaged at 800∘C.

The maintenance of the nanostructure on the Ti6Al4V
alloy after heat treatment over the 200–600∘C range was also
verified by AFM (Figure 1).The nanoporous network showed
numerous sharp conical protrusions bordering depression
areas and changed into a prismatic layer with crystals after
treatment at 800∘C. The analysis of the change in the surface
roughness is summarized in Table 1. There was no obvious
change in the surface roughness (𝑅

𝑎
, 𝑅
𝑧
) before and after heat

treatments at 200–600∘C, but it sharply increased at 800∘C.

3.2. Surface Chemical Analysis. The broad-range XPS surface
chemical analysis of the alkali-heat treated Ti6Al4V alloys
is shown in Figure 2. There were no significant differences
in the XPS spectrum of the specimens before and after heat
treatments at 200–600∘C, but the Al and V peaks appeared
after treatment at 800∘C. The surface chemical composition
of the treated specimens is shown in Table 2. No V and Al
were observed, and the relative atom concentrations of the
modified surfaces remained more or less unchanged before
and after heat treatments at 200–600∘C. As the temperature
increased to 800∘C, V andAl appeared, and, furthermore, the
Al content was higher than Ti content.

3.3. XRD Phase Identification. The crystallographic struc-
tures (Figure 3) of the modified surfaces were assessed by
XRD before and after heat treatment to demonstrate the
transformation of the phases depending on the temperature
of the heat treatment. The broad diffraction peaks detected
at 23–29∘ and 53∘ were attributed to the sodium hydro-
gen titanate, which was the predominant composition of
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Figure 1: Continued.
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Figure 1: SEMandAFMphotographs of the specimens subjected to alkali treatment (A30)with 10MNaOHsolution and alkali-heat treatment
(AH) performed various heating temperatures at 200∘C, 400∘C, 600∘C, and 800∘C.
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Figure 3: TF-XRD pattern of the surfaces subjected to alkali treat-
ment (A30) and alkali-heat (AH) treatments with the subsequent
heating temperatures at 200∘C, 400∘C, 600∘C, and 800∘C.

the nanoporous network after alkali treatments.The intensity
of these broad peaks increased because the sodium hydrogen
titanate was gradually converted into amorphous sodium
titanate as the heating temperatures increased from 200 to
400∘C and then completely transformed as the temperature
increased to 600∘C, finally turning into a crystalline phase at
800∘C. Furthermore, sharp and narrowpeaks newly appeared
at 800∘C, which represented rutile (TiO

2
), compared with

the broad peaks identified as anatase (TiO
2
) resulting from

treatment at lower temperatures (200–600∘C). Peaks of the
alloy element oxides (Al

2
O
3
and V

2
O
5
) were also observed

in the samples heated at 800∘C.

3.4. Protein Adsorption. The amount of protein adsorbed
from bovine serum albumin on the surface after 1, 3, 6, and
24 h incubation was assayed (Figure 4). More protein was
adsorbed onto the alkali-heat treated specimens than the
control specimens, which increased with the alkali concen-
trations, except 600∘C.

3.5. Cell Proliferation Assay. Figure 5 shows the cell adhesion
results. Cell proliferation on the alkali-treated samples was
significantly lower (𝑃 < 0.05) than that observed on alkali-
heat treated samples at 200, 400, and 600∘C. The adherent
cell numbers gradually increased as the temperatures of the
heat treatment increased over the range of 200–600∘C but
decreased on the sample subjected to heat treatment at 800∘C.

3.6. ALP Activity. ALP activity on the surface after 7 and 14
days of incubation was assayed (Figure 6). More ALP activity
was adsorbed on the surface of alkali-heat treated specimens
than on the control specimens. The ALP activity increased
with the alkali concentrations, except 600∘C.

3.7. Osteocalcin ELIZA Analysis. The presence of osteocalcin
in the supernatant of the specimens after 3 and 4 weeks
of culture is shown in Figure 7. Osteocalcin production
was adsorbed onto the alkali-treated specimens compared
to the control specimens, which increased with the alkali
concentrations, except 600∘C.



6 Journal of Nanomaterials

Heat
temperature

NS

Cont. 200
∘C 400

∘C 600
∘C 800

∘C Cont. 200
∘C 400

∘C 600
∘C 800

∘C

1h

0

50

100

150

200

250

300

350

400 1600

1400

1200

1000

800

600

400

200

0

3h

0

200
∘C

400
∘C

600
∘C

800
∘C

0 200
∘C 400

∘C 600
∘C 800

∘C

∗

∗

∗

∗

∗

∗

∗

∗ ∗

∗
P < 0.05, NS: not significant

Heat
temperature

NS

0

200
∘C

400
∘C

600
∘C

800
∘C

0 200
∘C 400

∘C 600
∘C 800

∘C

∗

∗

∗

∗

∗

∗

∗

∗ ∗

∗
P < 0.05, NS: not significant

Heat
temperature

0

200
∘C

400
∘C

600
∘C

800
∘C

0 200
∘C 400

∘C 600
∘C 800

∘C

∗

∗

∗

∗

∗

∗

∗

∗

∗ ∗

∗
P < 0.05, NS: not significant

Heat
temperature

NS

NS NS

0

200
∘C

400
∘C

600
∘C

800
∘C

0 200
∘C 400

∘C 600
∘C 800

∘C

∗

∗

∗

∗

∗ ∗

∗

∗
P < 0.05, NS: not significant

Cont. 200
∘C 400

∘C 600
∘C 800

∘C Cont. 200
∘C 400

∘C 600
∘C 800

∘C

6h

0 0

300

600

900

1200

1500

1800

2100

2400

500

1000

1500

2000

2500

3000

3500

4000

24h

Figure 4: Initial number of albumin on the surfaces of Ti6Al4V specimens subjected to alkali treatment (A30) and alkali-heat (AH)
treatments with the subsequent heating temperatures at 200∘C, 400∘C, 600∘C, and 800∘C.
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Figure 5: Number of adherent BMMSCs on the surfaces of Ti6Al4V specimens subjected to alkali treatment (A30) and alkali-heat (AH)
treatments with the subsequent heating temperatures at 200∘C, 400∘C, 600∘C, and 800∘C.

3.8. Mineralization. Calcium deposition in the supernatant
of the specimens after 3 and 4 weeks of culture is shown in
Figure 8. Calcium deposition was adsorbed onto the alkali-
treated specimens compared to the control specimens, which
increased with the alkali concentrations, except 600∘C.

3.9. Runx2mRNAExpression. Runx2 is a transcription factor
involved in the early stages of osteogenic differentiation. As
shown in Figure 9, Runx2 activity was adsorbed onto the
alkali-treated specimens compared to the control specimens,
which increasedwith the alkali concentrations, except 600∘C.

4. Discussion

This study investigated whether RBM cells respond differ-
ently to titanium alloy implants with chemical and heat
treatment surface modifications compared with those that
were untreated. The results of this study showed that, after
the proliferation of cells, expressions of Runx2 transcription
factor and RBM cell differentiation markers, such as ALP
and OCN, were elevated in alkali- and heat-treated alloy
disks compared with alkali modified titanium alloy disks.

This study found that calcium deposition in the extracellular
matrix of the RBM cells was increased in the presence of
surface-treated titanium alloy disks compared with controls
disks. Our results suggest that titanium alloy disks modified
by alkali and heat treatment at 600∘C promote RBM cell
proliferation, differentiation, and activation, which augment
calcium deposition.

Alkali- and heat-treated titanium alloy was reported to
bond to bone so it is thought to be clinically applicable as
an implant and orthopedic material. In theory, if alkali treat-
ment without heat treatment could induce the bone-bonding
ability with titanium alloy, it would be possible to prepare
bioactive titanium alloy implants using NaOH solution. Kim
et al. [8, 13] reported that alkali-treated titanium without
heat treatment has the ability to form apatite on its surface
in simulated body fluid (SBF) similar to combined alkali-
and heat-treated titanium. However, this layer is so unstable;
it loses its apatite-forming ability during preservation or
following implantation, although it is not known at which
stage this apatite-forming ability is lost. Many in vitro studies
have shown that adhesive tape detaches from the surface
layer of alkali-treated titanium and titanium alloy from its
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Figure 6: ALP activity on the surfaces of Ti6Al4V specimens subjected to alkali treatment (A30) and alkali-heat (AH) treatments with the
subsequent heating temperatures at 200∘C, 400∘C, 600∘C, and 800∘C.
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Figure 7: OCN production on the surfaces of Ti6Al4V specimens subjected to alkali treatment (A30) and alkali-heat (AH) treatments with
the subsequent heating temperatures at 200∘C, 400∘C, 600∘C, and 800∘C.
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Figure 8: Calcium deposition on the surfaces of Ti6Al4V specimens subjected to alkali treatment (A30) and alkali-heat (AH) treatments
with the subsequent heating temperatures at 200∘C, 400∘C, 600∘C, and 800∘C.
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Figure 9: Runx2mRNA on the surfaces of Ti6Al4V specimens sub-
jected to alkali treatment (A30) and alkali-heat (AH) treatments with the
subsequent heating temperatures at 200∘C, 400∘C, 600∘C, and 800∘C.

substrate, indicating that the surface layer is mechanically
weak. Consequently, combined alkali and heat treatments
have proven to produce a more stable alkali titanate layer in
recent research.

From the surface characterizations results, alkali treat-
ments with 10M NaOH solution at 30∘C provided a fine
nanoporous network. This study proposed that the pore size
of the porous network was sensitive to the concentration of
alkali solution. The mechanism of the formation of a porous
network on Timetal or its alloys during alkali treatment is the
corrosive attack of the hydroxyl groups [14]. The formation
of a nanoporous structure can be attributed to the higher
concentration of 10MNaOH, which provides more hydroxyl
groups to incorporate into the metal surface and induce the
formation of more pores.

In XPS analysis, the results confirm that the surface
chemistry of the alkali-treated alloy did not include Al and
V before and after heat treatments until 600∘C. It has been
demonstrated that the alloy species of Al and V selectively
dissolve in the alkaline solution, and Al and V oxides
are formed in the TiO

2
layer after heat treatment, which

contribute to eliminating the toxicity of the Ti6Al4V alloy
[15, 16]. Furthermore, Kobayashi et al. found that a graded
surface consisting of a sodium titanate layer, sodium titanate
dense film, TiO

2
layer, and alloy substrate was formed during

the heat treatment at 600∘C in 2005 [16]. Considering the
reappearance of Al and V in the sodium titanium layer after
heat treatment at 800∘C, some researchers reported that the
binding energies of Al and V in their oxides decreased after
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heat treatment, which could lead to easier detection after
treatment at high temperatures [17, 18].

The XRD findings were in agreement with the results
of conventional alkali-heat treatment and showed that the
sodium hydrogen titanate was gradually transformed into
amorphous sodium titanate and/or crystalline sodium
titanate after the heat treatments. When the NaOH-treated
Ti metal is subjected to a heat treatment, its surface sodium
titanite hydrogel layer is dehydrated and transformed into an
amorphous sodium titanate at 400 to 500∘C, fairly deified at
600∘C, and then converted into crystalline sodium titanate
and rutile above 800∘C [19]. The results of this study clearly
showed that heat treatment at 600∘C was the most favorable
for the formation of amorphous sodium titanate, which has
also been selected for the heating temperature in alkali and
heat treatment technique for clinical applications.

In this study, albumin and cell proliferation of BMMSCs,
Runx2 expression, ALP activity, OCN production, and Ca
deposition were performed to demonstrate the biocom-
patibility of the modified Ti6Al4V alloy surface, which is
considered as a critical prerequisite for cell proliferation and
differentiation. The adsorption of ECM adhesive proteins
onto implanted materials is the first essential step in bone tis-
sue response and affects cell adhesion and proliferation [20].
BMMSCs were used to model osteoinduction and osteoblas-
tic differentiation in cell culture performed on different
titanium substrates. Adhesion andosteoblastic differentiation
under culture conditions, including osteogenic supplements,
occurred to a varying degree on the different surfaces [21].
Initial cell adhesion is the key step in the ensuing cell prolif-
eration and differentiation on biomaterials [19]. Three stages
can be distinguished in osteogenic differentiation: prolifer-
ation, matrix development/maturation, and mineralization
[22]. Runx2 is an important transcription factor necessary for
osteoblast differentiation and is expressed in the early stages
of osteogenic differentiation. A previous study has found that
the initial adhesion force of osteoblasts increased on Ti6Al4V
alloy subjected to high temperature surface treatment [23].
The differentiation behaviors of osteoblasts on the surface of
alkali-heat treated titanium-8tantalum-3niobium alloy were
accelerated compared with that of the sample without heat
treatment [24]. Cell attachment is a complicated process
that involves several surface features, such as topographic
morphology, surface roughness, surface chemistry, and phase
state. Here, we claim the importance of the surface phase for
cell adhesion. The results showed that there were no signifi-
cant changes in the nanostructure, roughness, and chemical
compositions of the samples before and after heat treatments
(200–600∘C), but there are changes in the phases.The amount
of amorphous sodium titanate is the key factor for enhanc-
ing cell adhesion. Our experiment is the first to provide
evidence that BMMSCs exhibit a trend of adhesion on
nanoporous structures with an amorphous sodium titanate
phase depending on the temperature of prior heat treatments.
As the temperature of heat treatment increased to 800∘C,
in addition to the transformation to the crystalline sodium
titanate and appearance of the toxic elements Al, V, the
distortion of the nanoporous structure and the change of the
nanoscale surface roughness have an adverse effect on the cell

adhesion. Cell adhesion is sensitive to the contribution of the
nanotopography to the mimicry of the cellular environments
to favor the process of rapid bone accrual. For example,
the structure of the epithelial basement membrane contains
pores of approximately 70–100 nm [25]. In this study, the
pore size of 50–100 nm of the nanopores obtained by alkali-
heat treatment (200–600∘C) was approximating to that of the
basement membranes. Furthermore, the nanoscale surface
roughness was also maintained at about 𝑅

𝑎
= 20 nm even

after heat treatment (200–600∘C), in the optimum surface
roughness range 𝑅

𝑎
= 10–45 nm, which promoted four types

of cell adhesion in previous work [26]. Numerous studies
have shown the ALP activation effect of surface-modified
materials [27] and our results support these conclusions.
Furthermore, the observed increase of OCN production
in the presence of the nanostructured surfaces is also in
agreement with previous findings [28]. It is believed that
the chemical bonding between the alkali- and heat-treated
titanium alloy metal surface and the bone surface, via the
apatite layer, plays a major role in bone-bonding behav-
ior. Alkali- and heat-treated titanium implants have a thin
reactive layer on their surface as a result of the alkali and
heat treatments. This layer can form apatite in SBF, like
bioactive glasses and glass ceramics, which is also thought
to occur in vivo. Apatite formation on the surface of the
material is considered a prerequisite for direct bone-bonding.
Details of the underlying mechanism of apatite formation
on the surface of alkali- and heat-treated titanium metals
have been described by Kim et al. [8]. Osteogenic cells may
attach to the surface of alkali- and heat-treated titanium alloy
implant themselves or to the apatite formed on the surface,
and this may enhance growth and differentiation [28]. Thus,
the gap initially created between the bone and the implant
following the implantation procedure may be filled with new
bone faster with alkali- and heat-treated implants than with
untreated implants. Once new bone forms, tight bonding
between the bone and the alkali- and heat-treated titanium
implant develops via the biological apatite in the bone and
the bone-like apatite on the surface of the implant.Thismight
explain the strong bonding between the bone and the alkali-
and heat-treated titanium implants.

5. Conclusion

Surface characterization studies revealed that the nanoto-
pography, surface chemistry, and surface roughness of the
modified layer obtained by alkali treatment were maintained
even after heat treatments at 200, 400, and 600∘C. Only
the phase structure was altered, particularly the amorphous
sodium titanate phase, which might play a crucial role in
promoting cell adhesion on the nanoporous surface with
the increase in heating temperatures. The heat treatment of
800∘C transformed the nanoporous structure into a crys-
talline structure at themacroscale level with the reappearance
of Al and V, which induced a decline in cell attachment.
Consequently, these results suggest that nanoporous surface
features and BMMSCs cell proliferation and bone differentia-
tion on Ti6Al4V surface may be controlled and improved by
varying the temperature of the initial alkali immersion and
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subsequent heat treatment. The materials should be further
studied as a novel bioactive material for dental implants.
Further development of advanced implant materials using
nanotechnology should further improve their osseointegra-
tion.
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