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Sandblasting and acid-etching (SLA) and anodization are the two most commonly used methods for surface modification of
biomedical titanium. However, there are unavoidable problems such as residual sand particles and lack of hydrophilicity on the
surface of titanium sheets treated with SLA technology. In addition, titanium implants showed only the micro/submicroscopic
structure. In order to avoid the residue of sand particles in the surface of titanium, the two surface treatments etching treatment
(E) and etched-anodizing (EA) on titanium were used, and their surface topography, surface chemistry, and surface roughness
were compared with those of the SLA control group.+eir wettability and the biocompatibility were also compared and evaluated.
+e results show that both E and EA samples have the micro/nano hierarchical structure and better wettability compared with the
SLA samples.+eir performances, especially the E surfaces, were enhanced in terms of cell adhesion, spreading, proliferation, and
differentiation abilities.

1. Introduction

Sandblasting-acid-etching (SLA) is themost commonly used
technique for surface treatment of titanium implants. +e
ITI implant of Straumann company is a representative
product of commercial implants, and the microstructural
surfaces are obtained through the sandblasting-acid-etching
method [1–3]. Sandblasting is a prevalent method to treat
titanium. It can increase the surface roughness of the im-
plant [4] and promote the adhesion of osteoblasts [5]. Al2O3
particles are usually used in the process of sandblasting.
However, some sand particles remain on the surface after the
acid-etching process. +ese remaining Al2O3 particles
implanted in vivo would release the toxic Al ions due to the
effect of chemistry and biochemistry [2]. +e most direct
way to solve this problem is to remove the sandblasting

process. However, many studies have shown that, after the
removal process in the SLA process, there are many gullies
on the surface of the titanium resulting from the simple acid-
etching process, which leads to the uneven surface of the
sample [6–9]. It can be seen that only by removing sand-
blasting steps, it is difficult to obtain an ideal implant surface
in the acid-etching process.

Guo et al. found that replacing Al2O3 with SiC during the
sandblasting process followed by double-etching can obtain
the micro/nanosurface structures and reduce the remaining
particles [4]. In addition, hydrophobic amorphous TiO2 will
be formed when exposing the fresh etched titanium surface in
the air. +e surface topography and wettability affect the first
stage of osteoblast adhesion, the quality of osseointegration,
and protein expression [10–12]. Many studies have shown
that the micro/nano hierarchical structure was superior in
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enhancing the biological activity of the titanium surface
compared with a single micro- or nanostructure [13–15]. +e
nanoscale morphology of the implant surface shows obvious
advantages in inducing cell proliferation, differentiation, and
good bone formation. +erefore, many researchers try to
obtain surface implants with micropits by sandblasting-acid-
etching (SLA) and then use the methods of anodic oxidation
[16], double-etching [17], or synthesized nanosheet [18] to
prepare nanopores on micro pits, forming a mixed mor-
phology of micron and nano to further enhance their bi-
ological activity.

H2O2 is an excellent oxidant to titanium with clean
oxidation products. Xie et al. [19] reported that micro/nano
hierarchical structures could be obtained by subsequently
immersing SLA-treated titanium samples in H2O2. Hy-
drophilic O2

2−was also detected on this surface, which could
prohibit bacterial breeding. Furthermore, the sandblast-free
double-etching method for titanium surface modification
could be used to make surfaces with hierarchical structures
and antimicrobial performance, by simply etching titanium
in a mixture of NH3·H2O, and H2O2, which had no residual
particles [20]. By comparing etching-treated and double-
etching-treated samples, the effects of rough structure in
different scales on the MG63 cell were revealed [21].

+e anodized implant is also one of the most commonly
used commercial implants. +e typical representative is the
Nobel Biocare implant in Sweden.+e surface of the implant
showed a crater-like morphology with a hole diameter of
∼5 μm, but there are no nanoscale holes or pits. In fact, by
adjusting the voltage of anodic oxidation and changing the
reaction time, uniform and dense nano-TiO2 arrays with
different sizes can be obtained.

TiO2 nanotubes with different diameters have important
effects on gene expression and osseointegration of implants
[22]. In order to obtain micro/nanostructures, many
methods have been tried, especially the combination of
anodic oxidation and other methods, such as silver plasma
immersion ion implantation (Ag-PIII) [23], sandblasting
and acid-etching [24, 25], and heat treatment [26]. It has
been reported that the micro/nanocomposite surface ob-
tained by the composite method could improve the anti-
bacterial properties of the implant [23], the photocatalytic
activity [24], the bone deposition [25], the cell response, and
the apatite-forming ability [26].

Biocompatibility can be observed and judged by cell
attachment, cell proliferation, and differentiation. Generally,
microstructures obtained by the acid-etching method usu-
ally have good biocompatibility [27], and the nanostructure
plays an important role in promoting the attachment of
protein and alkaline phosphatase (ALP) [22]. It is reported
that the small-sized nanotubes are more conducive to
protein adsorption compared with the large-sized ones
[22, 28]. However, the large-sized nanotubes are more
suitable for the drug delivery platform [29].

In this study, three surface treatments were used to
modify titanium samples. In addition to the traditional
sandblasting and acid-etching as group 1 (SLA), titanium
samples were etched in a mixture of H2O2 and NH4OH-
concentrated solutions, namely, E as group 2, to obtain a

hierarchical structure without residual sand particles. Sub-
sequently, TiO2 nanotubes were obtained by anodization as
EA group samples, aiming to study the promising surface
treatment for titanium implants.

2. Experimental Details

2.1. Treatment to Titanium. Firstly, the commercial pure
titanium disks (diameter 15mm) were polished and ultra-
sonically cleaned in acetone, ethanol, and deionized water,
respectively. +en, these titanium disks were sandblasted by
Al2O3 (ϕ250∼500 μm) at a pressure of 3 atm. And the
sandblasting-treated titanium disks were also cleaned in the
same way as mentioned above. Subsequently, the treated
titanium disks were etched in a boiling mixture of 63%
H2SO4 and 11% HCl solution for 5 minutes. After the
samples were removed, ultrasonic cleaning was carried out
with ultrapure water 3 times, 10min for each time, and then
dried in an oven (Heratherm Oven, +ermo Scientific),
which was named “SLA.”

Samples of group E were ultrasonically etched for 1 hour
with a solution containing H2O2 and NH4OH. +en, the
samples were washed and dried, named as “group 1.” In the
EA group, the samples etched withmixedH2O2 andNH4OH
solution were anodized for 60min in the air with a DC
power supply (CRS Power, Istanbul, Turkey) at room
temperature, with a constant potential of 25V and an anode-
to-cathode distance of 30mm in a 0.5 wt.% HF solution.

2.2. Materials Characterization

2.2.1. Surface Morphology. In this study, scanning electron
microscopy (SEM; Nova NanoSEM 230) was used to observe
the surface morphologies of these titanium samples.

2.2.2. Surface Chemistry. +e surface chemistry was carried
out using X-ray photoelectron spectroscopy (XPS; ESCALAB
250Xi) with Al Kα irradiation. +e binding energy for each
spectrum was calibrated based on the C1s spectra of 285.0 eV.

2.2.3. Surface Roughness. +e surface roughness measure-
ment exhibits statistical differences between the roughness
values of the samples after treatment. +e surface roughness
was calculated by the surface profiler (Dektak 150 surface
profiler) with each testing line of 1000mm.

2.2.4. Wettability. +e value of contact angle determines
whether the surface is hydrophilic or hydrophobic. +e
surface wettability of materials is generally determined by
the contact angle of water. +e contact angle was tested by
the sessile drop method.

2.3. Cell Culture Assays. MG63 cells (Shanghai Institutes for
Biological Sciences, China) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, USA) with 10%
fetal bovine serum (FBS; Gibco, USA) at 37°C, with 5% CO2
and 100% humidity.
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2.3.1. Cell Adhesion and Spread. MG63 cells were seeded on
24-well plates with a density of 2×104 per well on each
group. After culturing for 4 h, the cells were rinsed by buffer
solution (PBS) to clear nonadherent cells. +e attached cells
were fixed in 4% paraformaldehyde (Sigma, USA) for 15
minutes. And then cells were dyed by AO for 10 minutes,
and fluorescence wasmeasured. In order to detect the area of
cells, the attached cells were fixed in 4% paraformaldehyde
(Sigma, USA) for 15 minutes and dyed by phalloidin for 1 h,
and fluorescence was measured and analyzed by Image J.

2.3.2. Cell Proliferation and Vitality. MG63 cells were
seeded on 24-well plates with a density of 2×104 per well on
each group. After culturing for 24 h, 48 h, and 72 h, the cell
numbers were counted by an automatic cell counter. Cell
vitality was detected by the method of CCK-8.

2.3.3. Cell Differentiation. MG63 cells were seeded on 24-
well plates with a density of 7×104 per well on four groups,
and the activity of alkaline phosphatase (ALP) was de-
termined on the 7th and 14th days of osteoinduction. +e
level of ALP was normalized to total protein content at the
end of the experiment.

+e expression levels of osteogenic-related genes, Runx2
and OCN, were detected on 7 days of osteoinduction. +e

image adoption was performed using the Gel Doc XR system
(Bio-Rad, USA).

2.4. Statistical Analysis. Data from experiments examining
cell assays of the substrates are presented as the mean error
and standard deviation of the mean error of all the mea-
surements performed on different samples. Data were eval-
uated by analysis of significant differences among different
groups, which were determined using two-way ANOVA by
“GraphPad Prism.” Asterisk (∗) represents significant dif-
ferences between different substrates (P< 0.05).

3. Results

3.1. SurfaceMorphology. +e SEM images of SLA, E, and EA
samples are shown in Figure 1. It could be seen that a hi-
erarchical microscale structure has a hole diameter of
around 20 μm and 1-2 μm. As shown in Figure 1(a4), the
edges of these holes were sharp, and the walls were smooth.
+e images (Figures 1(a1)–1(a4)) showed a typical SLA
morphology without nanostructures.

After being etched by H2O2 and NH4OH solution, the E
and EA samples had a similar surface topography on the
microscale with about 20 μm holes (Figures 1(b1) and 1(c1)).
Under higher magnification, fluctuant textures were found in
the walls of holes (Figure 1(b3)). Many nanopits were

50 μm 10 μm 2 μm 500 nm

(a1) (a2) (a3) (a4)

2 μm 500 nm50 μm 10 μm
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Figure 1: Surface morphologies of SLA (a), E (b), and EA (c) samples.
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observed on the lamellar structures when it comes to
nanoscale (Figure 1(b4)). Unlike E, EA surfaces exhibited
many nanotubes, rather than wave-like structures, in the walls
and the edges of holes (Figures 1(c2) and 1(c3)). +e average
diameter of these nanotubes was about 100 nm (Figure 1(c4)).

3.2. Surface Chemistry. +e results of the XPS spectra are
displayed in Figure 2. +ey were mainly composed of the
three elements Ti, C, and O. +e Al element on the surface of
SLA-treated samples came from the residual Al2O3 sand
particles. N was observed in both E and EA samples. +e
etching process would remain a part of N because of the
presence of NH4OH in the mixed solution. In addition,
the concentration of N on EA samples was higher than that
on E samples, which could be attributed to NH4F in the
electrolyte.

Figure 2 is the O1s spectra of the three surfaces. It could be
seen from the results that the binding energy values corre-
sponding to these peaks of the SLA surface were 530.2 eV and
532 eV. According to the NIST XPS Database, the peak at
530.2 eV represents the peak of O2− in TiO2 and the peak at
532 eV represents O2− in H2O. +e binding energy values
corresponding to these peaks of E and EA surfaces were
530.2 eV, 532 eV, and 533.6 eV, respectively. +e peak at
∼533.6 eV of the E surface could be O2

2− in Ti(H2O2)24+,
which might be produced in the etching process of H2O2 and
NH4OH solution. +e peak at 533.6 eV of the EA surface
could also beO2

2−, whichmight be formed in both the etching
and anodization processes. However, O2

2− is not stable and
easy to resolve. Consequently, it could also turn to OH−.

3.3. Surface Roughness. Figure 3 shows the results of surface
roughness detected by the profilometer. +e results in-
dicated that the average surface roughness of SLA was
2.4 μm, which was close to the standard of the ITI implant
(Ra� 2.5 μm). +e surface roughnesses of E and EA samples
were 3.2mm and 5.8mm, respectively.

3.4. Surface Wettability. +e surface contact angles of fresh
surfaces and exposed surfaces are shown in Figure 4. For
SLA, E, and EA, the contact angles of fresh surfaces are 42°,
30°, and 53°, respectively, showing hydrophilicity. After
exposure to air for 7 days, the contact angles of SLA and E
increased significantly to 123° and 120°. +e contact angle of
EA also increased to 90°, showing a good wettability to
maintain good hydrophilicity.

3.5. Cell Adhesion and Cell Spread. Figure 5 shows the av-
erage area and number of MG63 cells attached to three
substrates after culturing for 4 hours. Differences in cell
morphologies are observed in Figure 5(a). +e cells spread
more on the E surface, and the shape of the cells was
outspread, indicating that the cells grew. However, the cells
on the SLA and EA surfaces kept round shape mostly.

+e data of three samples showed significant differences
(P< 0.05). Counting and analyzing the number of cells, the
results revealed that the number of E cells was the largest and
that the difference among substrates was significant
(P< 0.001 for E and SLA and P< 0.01 for E and EA).
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Figure 2: XPS survey spectra of SLA, E, and EA surfaces (a); XPS narrow spectra of O1s on SLA, E, and EA surfaces (b).
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3.6. Cell Proliferation and Cell Vitality. Cell proliferation is
shown in Figure 6(a). In the early cell culture for 24 h and
48 h, the number of cells in the three samples was nearly close,
and there was no significant difference among them. At 72 h,
it showed a significant increase in three substrates, especially E
samples. +e cells of EA samples were slightly higher than
those of SLA samples. +e cell vitality was measured by the

CCK-8 assay. From the results, E had the most excellent cell
vitality, no matter in what time. +e cell vitality on SLA
increased a lot in the early 48 h and tended to be stable at 72 h.
In contrast, the cell vitality on EA increased slightly in the
early 48 h, while it increased significantly in 72 h. +e results
revealed that both E and EA surfaces provided amore suitable
and superior environment for cell proliferation.
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Figure 3: Surface roughness of SLA (a), E (b), and EA (c) surfaces.

At

A0

SLA E EA

90°120°123°

53°30°42°

Figure 4: Water contact angles on SLA, E, and EA fresh surfaces (A0) and exploded surfaces for 7 days (At).

EAEAEESLASLA

(a)

0

200

400

600

SLA E EA

�
e a

ve
ra

ge
 ar

ea
 o

f c
el

ls
∗

∗ ∗

(b)

EAEAEESLASLA

(c)

0

100

200

300

400

SLA E EA

C
el

l n
um

be
rs

∗∗∗ ∗∗

(d)
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3.7. Cell Differentiation. Figure 7(a) shows the results of the
ALP assay. +e ALP activity of MG63 cells on all samples
increased as the culturing time increased. After culturing for
7 days, the results of all samples were nearly close, and SLA
had a slight advantage over the others.

After culturing for 14 days, the SLA surface demonstrated
the highest ALP activity, followed by the E surface and then
the EA surface. Figure 7(b) shows the results of RUNX2 and
OCN assays. +e E surface also showed significantly higher
expression of RUNX2 and OCN compared with SLA and EA
surfaces. And there was a significant difference among the
SLA group, the EA group, and the E group (P< 0.001).

4. Discussion

+ree different kinds of surface-treatedmethods, sandblasting
and acid-etching (SLA), etching by H2O2 and NH4OH

solution (E), and etching and anodization (EA), were used to
prepare pure titanium samples with different surface mor-
phologies. +eir surface topography, surface chemistry
composition, surface roughness, wettability, and MG63 cell
response about cell attachment including proliferation, vi-
tality, and differentiation by each method were compared. E
and EA samples had similar microstructures, but nano-
structures were different. +e diameters of nanotubes on the
EA surface can be changed from 20 to 100 nm by changing the
voltage of anodization to meet various requirements, such as
the drug platform and delivery [30]. +e O1s spectra of E and
EA samples revealed the possible existence of ROS. It has been
reported that the cell vitality on surfaces modified by an-
odization was better than that of untreated ones [31]. Re-
searchers attributed this to the existence of ROS. Additionally,
it was found that the treated surface with ROS was anti-
bacterial and hydrophilic [32].
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�e surface roughness of the implant also a�ected the
formation of the bone. Generally, moderate roughness re-
markably exhibited enhanced bone osseointegration.

�e best surface roughness of the implant was considered
as 1∼2μm, followed by >2 μm. �e results showed that the
surface of modi�ed titanium samples and SLA belonged to the
rough implant group, whichmight contribute to cell adhesion.

�e wettability is an important factor for cell adhesion,
and its importance is almost the same as that of surface
topography [33]. �e existence of ROS and nanostructures
might contribute to the better wettability of the fresh tita-
nium surface [10, 32, 34]. After exposure to air for 7 days, the
EA sample showed better wettability than the others.
Usually, the fresh titanium surface could be contaminated by
C in the air, resulting in a decrease of wettability. After being
treated with the controlled anodizing method, a self-
organized and highly ordered coating of Ti and Ti-based
alloys, namely, the TiO2 nanotube �lm, was produced. �is
TiO2 �lm protects the EA surface from this kind of pollution.

�e surface topography and surface chemical composition
of the three groups of titanium samples have changed. �e
results showed that the in�uence of surface treatment on cell
compatibility might come from two aspects: one aspect is
linked to the existence of ROS on the surface of the material.
Oxygen species on surfaces could improve initial �xation and
wettability of titanium, which facilitates cell adhesion [2, 35].
�e other aspect is that nanoscale roughness can signi�cantly
a�ect cell adhesion [36], proliferation [37], and spreading [38].
�e cell adhesion and spreading results indicated that both E
and EA titanium surfaces promoted the early attachment and
spreading of osteoblasts. E and EA surfaces o�ered a favorable
environment for osteoblasts to extendmore pseudopodia than
that on SLA surfaces. Cell proliferation, which is an important
mark of the cell growth, is closely connected with cell ad-
hesion. From the results, the modi�ed titanium surfaces had
higher initial cell numbers, indicating a signi�cant promotion
in cell proliferation. For cell adhesion and proliferation
abilities, it seemed that nanostructures counted more.

Osteoblasts responded synergistically to the micro/
nanostructured surfaces in terms of cell proliferation and
local factor production [39]. �e number of cells and the
productions of OCN and RUNX2 on micro/nanostructured
surfaces (E and EA) after 7 days of osteoinduction were higher
than those on the micron/submicron-structured surface

(SLA). �is indicated that the nanostructure plays an im-
portant role in cell di�erentiation. Recent studies have shown
that the interaction between cells and nanotopography sur-
faces could lead to the modulation of mechanotransduction
and improve the cell proliferation [40, 41]. In this study,
nanostructured E and EA surfaces showed better cell re-
sponse. For comparison of E and EA, the surface of EA
consists of about 100 nm nanotubes instead of nanopits.
Although EA samples had micro/nanostructure and better
wettability when stored in atmosphere, the results of cell
adhesion and proliferation were not superior to those of E
specimens. One possible explanation could be that TiO2
nanotubes could control cell fate and interfacial osteogenesis
by altering their nanoscale dimension. It was reported that the
adhesion and di�erentiation abilities of bone marrow mes-
enchymal stem cells (BMMSCs) on TiO2 nanotubes were
related to the nanotube dimension [42]. It has been suggested
that a 70 nm nanotube is the optimum size for TiO2 nanotube
implants to obtain a favorable osteoconductivity and
osseointegration [22, 43]. However, the diameter of nano-
tubes in this study was nearly 100 nm. �erefore, a more
suitable nanotube dimension is needed to be explored in the
following research.

�e corrosion mechanisms of three di�erent methods
were also considered, and their corrosion mechanisms were
schematically described in Figure 8 [44]. Microholes were
formed in E and SLA. NH4OH and H2O2 with strong co-
ordinative capability etched titanium rapidly at the boundaries
and formed very huge and deep holes. H2SO4 and HCl can
formmany complex compounds with titanium and impurities
and directly etch titanium in both the boundaries and facet,
leading to di�erent micron-scale surfaces. �e surface of SLA
has a peak and valley morphology which is easy to produce
defects, while the surface of E has a hole pit morphology with
a larger curvature and has a relatively smooth and �at hole
wall, which is bene�cial to anodized nanotube composites.
And the surface of EA shows a micromorphology com-
pounded with nanotubes well. �e combined micromor-
phology and nanotube surface has a good biocompatibility and
a large clearance space proportion for drug delivery. It deserves
more research for application in the future.

In this study, we chose the traditional SLA implants—the
most prevalent commercial titanium implants—as a control
group. �e results showed that two kinds of sandblast-free
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Figure 8: �e corrosion mechanisms of H2SO4 +HCl (a), NH4OH+H2O2 (b), and anodization (c).
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modified titanium implants (E and EA) showed better
bioactivity because of their micro/nanostructures and wet-
tability. Although EA samples had the micro/nanostructures
and the possible existence of ROS, they do not show the best
advantage in cell proliferation and differentiation. +e exact
cause and mechanism of the micro/nanostructured surface
in the effect of the osseointegration still require further
research.

5. Conclusions

In this study, a new and simple method (E) for titanium
implants was proposed.+e hierarchical micro/nanostructured
surfaces without residual sand particles were obtained by E
treatment. +e cell adhesion, proliferation, vitality, and oste-
ogenic differentiation were enhanced on the surfaces of E
samples cultured by MG63 cells.

Another simple modification process (EA) was also
developed. +e nanotube was stacked on the micron-scale
surface of the Ti sample. Good biocompatibility and larger
clearance space proportion were obtained. It might have
a promising future for drug delivery application.
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