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A sandblasted, acid-etching hydroxyapatite (SLA-HA) composite coating on ultrafine-grained titanium was
synthesized by the sandblasting, acid etching and electrophoresis deposition. Mouse osteoblasts (MC3T3-
E1) were cultured in vitro and inoculated on the SLA-HA composite coating of the ultrafine-grained
titanium. Using ultrafine-grained titanium with SLA coating as the control group, the adhesion and
proliferation of the osteoblasts were analyzed using the CCK-8 assay. The number and morphology of
the cells were observed using a laser confocal microscope. Cells toxicity of the cytotoxicity to
osteoblasts was studied by culturing them in an immersion solution of the SLA-HA composite coating.
The hemolysis properties of the obtained material were assessed using fresh rabbit blood. Ultrafine-
grained titanium with the SLA-HA composite coating was found to have no significant toxicity to
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Introduction

Implant dentures have become an important device for treat-
ing clinical dentition defects and replacing missing teeth.
Titanium has become the first choice among implant mate-
rials because of its good biocompatibility, corrosion resistance
and osseointegration properties.> However, the mechanical
strength of titanium is relatively low, which can cause the
implant to crack or even fracture, resulting in failure in clin-
ical usage.>® Thus, as an implant material, the mechanical
properties of titanium still need to be improved. The equal-
channel angular pressing (ECAP) technique, developed by
Segal in the 1980s, is a processing method that causes large
plastic deformation.* Its basic principle is to achieve a large
amount of shear deformation through an isometric corner
channel, resulting in refined material grain and improved
material performance. Existing research has shown that the
mechanical properties of titanium materials have been
improved significantly with grain refinement. As the grain size
decreases from 30 um to 300-400 nm, its hardness increases
from 1496 MPa to 2458 MPa, while the dynamic and static
compressive yield strengths increase from 900 MPa to
1240 MPa and 300 MPa to 772 MPa, respectively."” These
findings revealed the bright prospects for ultrafine-grained
titanium materials in oral implantology applications.>?
When ultrafine-grained titanium materials are used in
clinical implants, they need to undergo surface treatment. As
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and promoting their proliferation and differentiation.

a result, the implant can obtain good surface morphology and
biological activity, which can promote osseointegration and
reduce the risk of implantation failure.>® Surface treatment
technologies that combine sandblasting and acid etching
(SLA) yield good results. Sandblasting involves coarsening the
surface of the material to obtain a certain scale of pit. During
acid erosion treatment, the surface and surface residual
materials of the contaminated layer are cleaned with an acid
solution, which forms a micron or even submicron hole
structure. Thus, the surface morphology of the material is
changed and its biological activity is improved, which is
beneficial to the formation of bone bonding.'>*"* At the same
time, if titanium is exposed to air it can easily form an oxide
film. Therefore, acid etching is performed after the sand-
blasting treatment. This means that the contaminated layer
and the remaining spray on the surface can be cleaned up,
while the effect of oxidation on the experiment can be mini-
mized. Hydroxyapatite (HA) is a major inorganic component of
bones and teeth in humans and animals; its main components
include calcium and phosphorus. After HA implantation in an
organism, HA can form a chemical bond with biological tissue.
Thus, calcium and phosphorus will be freed from the surface
of the material, and promote the growth of new tissue. HA can
also stimulate bone hyperplasia and bone growth.'>* That is,
new bone and osteoblasts can grow at the junction between
the HA implant and the original bone, which is helpful for the
combination of implants and bone tissue.*>**

In this study, a HA coating treated with sandblasting and
acid erosion was obtained on the surface of ultrafine-grained
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Table 1 Absorbance values of each group in the cell adhesion assay (x £ s, n = 6)¢

6h

8h

Group 4h

Extracts of the ultrafine-grained titanium SLA-HA 0.510 £ 0.042
Extracts of the ultrafine-grained titanium SLA 0.516 + 0.033
DMEM culture medium 0.670 £ 0.399*
PBS 0.057 £ 0.001

0.678 + 0.144*
0.520 £+ 0.021*
0.724 + 0.045*
0.057 £ 0.001

0.845 + 0.297*
0.633 £+ 0.101*
0.763 + 0.456*
0.056 £ 0.001

4 * indicates contrast with the control group, P < 0.05.
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Fig.1 Morphology of SLA-HA composite coating under the scanning
electron microscope.

titanium by electrophoresis deposition, and the biological
activity of the composite coating was studied.

Results and discussion

Absorbance values of MC3T3-E1 osteoblasts in an ultrafine-
grained titanium with SLA-HA group, an ultrafine-grained tita-
nium with SLA group, a DMEM culture medium group and
a PBS group after inoculation and cultivation for4 h,6 hand 8 h
are shown in Table 1. In Table 1, the absorbance values for the
ultrafine-grained titanium with SLA-HA group, the ultrafine-
grained titanium with SLA group and DMEM culture medium
group show an increasing trend over time, while those of the
PBS group do not significantly change with time. The absor-
bances of the ultrafine-grained titanium with SLA-HA group and
DMEM medium group are significantly higher than those of the
ultrafine-grained titanium with SLA group (P < 0.05), with
statistical significance. There are no significant differences
between the ultrafine-grained titanium with SLA-HA group and

the DMEM medium group (P > 0.05). The results show that the
ultrafine-grained titanium with SLA-HA group was more favor-
able to cell adhesion than the ultrafine-grained titanium with
SLA group. This might be because the porosity of the HA coating
surface in the ultrafine-grained titanium with SLA-HA group
was more conducive to cell adhesion and growth, and could
provide a good place for the exchange of nutrients and metab-
olites for cells, as shown in Fig. 1.

Absorbance values of the osteoblasts in the ultrafine-grained
titanium with SLA-HA group, the ultrafine-grained titanium
with SLA group, the DMEM culture medium group and the PBS
group, after inoculation and cultivation for 1 d, 3 d, 5 d, are
shown in Table 2. It can be seen from Table 2 that the absor-
bance values of the ultrafine-grained titanium with SLA-HA
group, the ultrafine-grained titanium with SLA group and
DMEM culture medium group show an increasing trend with
increasing cultivation time. The absorbance value of the PBS
group does not significantly change with time, as shown in
Table 2. At the same time, it can be seen that the absorbance
values of the ultrafine-grained titanium with SLA-HA group and
the DMEM medium group are significantly higher than those of
the ultrafine-grained titanium with SLA group, with statistical
significance (P < 0.05). The absorbance values of the DMEM
medium group are significantly higher than those of the
ultrafine-grained titanium with SLA-HA group, with statistical
significance (P < 0.05). The results show that the ultrafine-
grained titanium with SLA-HA group had better biological
activity than the ultrafine-grained titanium with SLA group, and
was more conducive to cell proliferation. However, the cell
proliferation ability of the ultrafine-grained titanium with SLA-
HA group was weaker than that of the DMEM medium group,
which might be because the high concentration of Ca ions in
the extracellular environment inhibited cell proliferation to
a certain extent.

Table 2 Absorbance values of each group in the cell proliferation assay (x + s, n = 6)¢

Group

1d

3d

5d

Extracts of the ultrafine-grained titanium SLA-HA
Extracts of the ultrafine-grained titanium SLA
DMEM culture medium

PBS

“ * indicates contrast with the control group, P < 0.05.

1.075 £+ 0.092*
0.836 + 0.166*
1.510 + 0.098*
0.060 £ 0.006

© 2021 The Author(s). Published by the Royal Society of Chemistry

1.275 + 0.372%*
0.866 + 0.095*
1.737 + 0.225*
0.071 £ 0.012

1.338 + 0.459*
0.846 + 0.055*
2.055 £ 0.095*
0.071 £ 0.013
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Fig.2 Morphologies of two groups of cells under the laser confocal microscope (600 times): (a) ultrafine-grained titanium with SLA-HA group;

(b) ultrafine-grained titanium with SLA group.
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Fig. 3 Cell growth curves of: (a) the ultrafine-grained titanium with SLA-HA group; (b) the ultrafine-grained titanium with SLA group. Note: the
negative control group was DMEM medium containing 10% fetal bovine serum, while the positive control group was 0.65% phenol culture

medium.

Fig. 2 shows the morphologies of cells in the ultrafine-
grained titanium with SLA-HA group and the ultrafine-grained
titanium with SLA group under a laser confocal microscope. It
can be seen from Fig. 2 that the cell numbers and morphologies
of the two groups are significantly different; the state of the
former group is better than the latter group. The osteoblasts in
the ultrafine-grained titanium with SLA-HA group are fully
stretched and closely linked, and the shape of their spreading is
preferable. The cell number in the ultrafine-grained titanium
with SLA group is lower in comparison with the former group,
and the links between cells are loose and their spreading
morphology is slightly worse. This indicates that the ultrafine-
grained titanium with SLA-HA group is more favorable to the
proliferation and differentiation of MC3T3-E1 osteoblasts than
the ultrafine-grained titanium with SLA group. This could be
due to the intracytoplasmic calcium concentration changing
after a few hydroxyapatite particles were swallowed by the cells.
Thus, the osteogenic differentiation was initiated to promote
cell maturation and achieve the ideal state of osteogenic
differentiation.

The CCK8 detection method was used in this study. The
CCK8 reagent contains WST-8, which was reduced to form
highly water-soluble yellow Formazan dye by dehydrogenase in
cells under the action of 1-methoxy PMS. The amount of the
produced Formazan is proportional to the number of living
cells, so this property could be directly used to analyze cell
proliferation and toxicity. The depth of color is directly
proportional to the cell proliferation and inversely proportional

6126 | RSC Adv, 2021, N, 6124-6130

to the cytotoxicity. Fig. 3a shows the growth curve of cells in the
ultrafine-grained titanium with SLA-HA group. At the 1 d, 3
d and 5 d timepoints, the numbers of cells in the ultrafine-
grained titanium with SLA-HA group with concentrations of
1%, 10%, 50% and 100% and the negative control group show
an increasing tendency, while the numbers of cells in the
positive control group show no significant change, as shown in
Fig. 3. Statistical analysis shows that the absorbance values (OD)
of the ultrafine-grained titanium with SLA-HA extract at
different concentrations are higher than those of the positive
control group, with statistical significance (P < 0.05), while the
absorbance value (OD) of the negative control group is not
statistically significant (P > 0.05), as shown in Table 3.

Fig. 3b shows the growth curve of cells in the ultrafine-
grained titanium with SLA group. At the 1 d, 3 d and 5 d time-
points, the numbers of cells in the ultrafine-grained titanium

Table 3 OD values, RGR and toxic reaction classification of the
ultrafine-grained titanium with SLA-HA group (5 days)

Group ODvalues  RGR (%)  Toxicity analysis
1% 2.437 93.34 1
10% 2.114 80.97 1
50% 1.988 76.14 1
100% 1.964 75.22 1
Negative control group 2.611 100 0
Positive control group 0.388 14.86 4

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 OD values, RGR and toxic reaction classification of the
ultrafine-grained titanium with SLA group (5 days)

Group ODvalues  RGR (%)  Toxicity analysis
1% 2.544 97.14 1
10% 2.232 85.22 1
50% 1.974 75.37 1
100% 1.966 75.07 1
Negative control group 2.619 100 0
Positive control group 0.381 14.55 4

with SLA group with concentrations of 1%, 10%, 50% and 100%
and the negative control group show a proliferation trend, while
the numbers of cells in the positive control group show no
significant change, as shown in Fig. 3. Statistical analysis shows
that the absorbance values of the ultrafine-grained titanium
with SLA group at different concentrations are higher than
those of the positive control group, with statistical significance
(P < 0.05), while the OD value of the negative control group is
not statistically significant (P > 0.05), as shown in Table 4.

There is no significant difference in absorbance between the
ultrafine-grained titanium with SLA-HA group and the ultrafine-
grained titanium with SLA group (P < 0.05), as shown in Tables 3
and 4. The results show that the number of cells in these two
groups increased with time, and there is no significant differ-
ence in comparison with the negative control group. As a result,
there was no obvious toxicity observed for the ultrafine-grained
titanium with SLA-HA group and the ultrafine-grained titanium
with SLA group.

Toxicological grade was evaluated according to the 6-grade
toxicity standard in the United States pharmacopoeia. For an
RGR value of =75%, the cytotoxicity grade is 0 or 1, qualified;
for 50% < RGR < 74%, the cytotoxicity grade is 2, requiring
a comprehensive evaluation in combination with the cell
morphology; for an RGR value of =49%, the cytotoxicity level is
3 to 5, unqualified.

According to the toxicity evaluation, the toxicity grade of
ultrafine-grained titanium with SLA-HA and ultrafine-grained
titanium with SLA are grade 1, indicating that they meet the
standards of GB/T16886 “biological evaluation of medical

Fig. 4 Liquid change in each group of the centrifugation tube in the
hemolysis test: (a) the ultrafine-grained titanium with SLA-HA group;
(b) the ultrafine-grained titanium with SLA group; (c) 0.9% saline group;
(d) distilled water group.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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devices” in vitro cytotoxicity test, which require a low cytotoxicity
grade and no obvious effect on cells.

The hemolysis test is one of the most basic methods to
evaluate the acute hemolytic activity and blood compatibility of
materials in vitro. It can reflect the damage to red blood cells
caused by the material itself and is an important index to
evaluate biocompatibility. When an implant material is in
contact with blood in the body, a certain component in the
material can cause the denaturation of an active component in
the blood. As a result, the red blood cells and hemoglobin in the
plasma become dissociated, resulting in toxic damage in the
body and changes in the function of vascular endothelial cells,
thus leading to blood coagulation and thrombosis in the body.
The hemolysis rate can reflect the relationship between
a coating material and red blood cells; if the hemolysis rate of
the coating material is low, it can be concluded that the coating
material causes little damage to red blood cells and has good
biocompatibility."”” The “Biological evaluation of medical
equipment” ISO 10993 was adopted as the evaluation criteria of
the hemolysis test. With a hemolysis rate of 5% as a reference,
a hemolysis rate of >5% was positive, indicating that the
material causes detectable hemolysis, while a hemolysis rate of
<5% was negative, indicating that the material does not cause
hemolysis.

Fig. 4 shows the changes of internal liquid observed by the
naked eye after centrifugation in each group of the hemolysis
test. Delamination phenomena were observed in the test tubes
containing the ultrafine-grained titanium with SLA-HA group,
the ultrafine-grained titanium with SLA group and the saline
group (negative control group). It can be seen by the naked eye
that the centrifugal tube containing the immersion liquid and
rabbit blood exhibited upper and lower layers; the upper layer
was a clear liquid, while the lower layer was a dark red precip-
itate. The distilled water group (positive control group) exhibi-
ted a red transparent liquid in the centrifugal tube. The results
show that there was no significant hemolytic reaction in the
ultrafine-grained titanium with SLA-HA group (group A), the
ultrafine-grained titanium with SLA group (group B) and the
normal saline group, while a hemolytic reaction was obvious in
the positive control group.

Table 5 shows the absorbance values (OD values) of the
different groups in the hemolysis test. The hemolysis rate was
calculated using OD values (formula (1)). The hemolysis rates of
the ultrafine-grained titanium with SLA-HA group and ultrafine-
grained titanium with SLA group were 0.5% and 0.8%, respec-
tively, conforming to the standard of the biological evaluation.
Thus, the ultrafine-grained titanium with SLA-HA group and
ultrafine-grained titanium with SLA group did not cause the
occurrence of hemolysis.

Experimental
Preparation of the SLA-HA composite coating

Ultrafine-grained titanium as a matrix was cut into round sheets
with a diameter of 10 mm and a thickness of 2 mm. The
prepared specimens were subjected to the sandblasting treat-
ment at a pressure of 0.5 MPa with Al,O; particles of 110 um.

RSC Adv, 2021, 11, 6124-6130 | 6127
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Table 5 Absorbance values (OD values) of the different groups in the hemolysis test

Ultrafine-grained

Ultrafine-grained

0.9% Distilled water

Test number titanium with SLA-HA group titanium with SLA group saline group group
1 0.058 0.059 0.057 0.663
2 0.078 0.062 0.055 0.687
3 0.061 0.072 0.070 0.679
4 0.059 0.071 0.060 0.692
Average value 0.064 0.066 0.061 0.680

Samples treated with sandblasting were acidified with a mixed
acid solution (37 wt% hydrochloric acid, 98 wt% sulfuric acid,
deionized water, 2 :1:1) for 5 min at 80 °C. Hydroxyapatite
(HA) coating was prepared on the surface of ultrafine-grained
titanium treated with the sandblasting and acid corrosion
(SLA) by electrophoresis deposition (voltage 25 V, time 60 s).

Cell adhesion assay

Experiment subjects were divided into four groups: (a) ultrafine-
grained titanium with SLA-HA group; (b) ultrafine-grained tita-
nium with SLA group; (c¢) DMEM culture medium group; (d) PBS
group. Among these groups, the ultrafine-grained titanium with
SLA-HA group and ultrafine-grained titanium with SLA group
were the experimental groups. The DMEM culture medium
group was the negative control group, and the PBS group was
the positive control group.

The samples were sterilized at high temperature and put into
48-well cell culture plates. The osteoblast cell density was
adjusted to 5.0 x 10* ml~" after three generations, at 0.2 ml per
well, and six duplicated wells were set up under each condition
in each group. The cells were cultured at a constant temperature
of 37 °C in an incubator with a CO, concentration of 5% for 4 h
to allow the cells adhere to the walls. Then the culture medium
was slowly injected along the edge of the wells. These 48-well
cell culture plates were cultured for 4 h, 6 h or 8 h; the super-
natant was then discarded, and the cells were washed three
times with PBS. The samples were placed into new 48-well
plates, adding 0.2 ml per well CCK-8 culture medium, and were
then cultured for 4 h in the incubator. 100 pl of liquid was taken
out and transferred into a 96-well plate, and its absorption value
was detected under 490 nm by an Enzyme Standard Instrument.

Cell proliferation assay

Experimental groupings are the same as in the previous section.
Samples were sterilized at high temperature and put into 48-
well cell culture plates. The cell density was 5.0 x 10* ml~ " after
three generations, at 0.2 ml per well, and six duplicated wells
were set up under each condition in each group, for1d, 3 d or 5
d of culturing. The following operations were the same as the
cell adhesion testing.

Detection of cell morphology

After the ultrafine-grained titanium with SLA-HA group and the
ultrafine-grained titanium with SLA group were sterilized at

6128 | RSC Adv, 2021, 11, 6124-6130

high temperature and put into 48-well cell culture plates, the
cell density was adjusted to 5.0 x 10* ml~" after three genera-
tions and cells were put into the above cell culture plates at
0.2 ml per well. Meanwhile, three duplicated wells were set up
under each condition in each group and were cultured for 24 h.
Every sample was fixed with 4% formaldehyde solution at 0.5 ml
per well for 10 min and washed 3 times with PBS. Then
membrane filtration was carried out with 5 ml of 0.1% Triton X-
100 solution on the sample surface for 20 min at room
temperature; the wasted liquid was discarded and the samples
were washed 3 times with PBS. 0.5 ml of Hoechst33342 staining
solution was added into the cell culture plates, and the samples
were dyed at room temperature for 5 min and washed three
times with PBS. Rhodamine ghost pen cyclic peptide was added
at 0.2 ml per well at the darkroom temperature, and the samples
were washed three times with PBS after 40 min. Finally, anti-
fluorescent quenching agent was added and the cell culture
plates were sealed. Cell morphology was observed using a laser
confocal microscope.

Toxicity test

Preparation of extract. Experimental grouping was the same
as in the cell adhesion assay. The weighed samples were placed
into DMEM medium containing 10% fetal calf serum in
a sample ratio of 0.2 g/1 ml, and the extracts were placed into
the incubator for 72 h under dark conditions.

Cell culture. Third-generation MC3T3-E1 osteoblasts were
selected, trypsin digestion was performed and the obtained cell
suspension was seeded into 96-well plates at a density of 1 x 10*
per cell, 0.2 ml per well. Three duplicated wells were set at the
same time. The 96-well plates were placed in the incubator and
cultured for 24 h until cells attached onto the walls. The original
culture medium was discarded, and the samples were washed
three times with PBS. Extraction liquids of ultrafine-grained
titanium with SLA-HA group and the ultrafine-grained tita-
nium with SLA group at 1%, 10%, 50% and 100% per well were
respectively added into the 96-well plates, at 0.2 ml per well.
Meanwhile, negative and positive control groups were also
added to 96-well plates, and they continued to culture in the
incubator under the same conditions.

CCK-8 assay. 96-well plates were respectively taken from each
group after cultivating for 1 d, 3 d and 5 d. Waste liquid was
discarded, and the samples were washed three times with PBS.
The 96-well plates were then injected with the culture medium
containing CCK-8 at 0.1 ml per cell and put into the incubator

© 2021 The Author(s). Published by the Royal Society of Chemistry
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for 4 h. The absorbance value (OD value) of each well was
measured using an Enzyme Standard Instrument at a wave-
length of 490 nm, and the relative growth rate of the cells for
each group (RGR) was calculated.

The relative proliferation rate of cells is calculated as follows:

OD of test group
OD of negative control group

RGR = x 100%

Hemolysis experiment

Experiment subjects were divided into four groups: (a) the
ultrafine-grained titanium with SLA-HA group; (b) the ultrafine-
grained titanium with SLA group; (c) 0.9% saline group; (d)
distilled water group. Among them, the ultrafine-grained tita-
nium with SLA-HA group and ultrafine-grained titanium with
SLA group are the test groups, the 0.9% saline group was
a negative control group and the distilled water group was
a positive control group.

The ultrafine-grained titanium with SLA-HA group and the
ultrafine-grained titanium with SLA group were immersed into
physiological saline at the ratio of specimen surface area to
physiological saline volume of 2:1 (cm®> ml™'). The diluted
fresh blood from New Zealand rabbits’ heart was used as the
anticoagulation blood.

The diluted rabbit blood (0.2 ml) was added into 10 ml
centrifuge tubes containing the above immersion liquid. The
obtained mixture was settled for 60 min under 37 °C and
separated in the centrifugal machine for 5 min at a speed of
2500 rpm. The supernatant absorbance was measured at
a wavelength of 490 nm using an Enzyme Standard Instrument.
The hemolysis rate was calculated according to the following
formula (1).

Hemolysis rate =

OD of test group — OD of negative control group
OD of positive control — OD of negative control group

x 100% (1)

Statistical analysis

Statistical analysis of the overall data was carried out using
GraphPad statistical software. The resulting datum was
expressed as the mean + standard deviation by variance anal-
ysis, and the test level was « = 0.05. LSD was employed in the
variance analysis among the groups.

Conclusions

The SLA-HA coating on the ultrafine-grained titanium had no
significant toxicity to osteoblasts, and had good blood
compatibility. It played a positive role in the adhesion of oste-
oblasts and was also conducive to cell proliferation and differ-
entiation. The obtained ultrafine-grained titanium with SLA-HA
had good biological activity. After the surface of the ultrafine-
grained titanium was treated with a sandblasted, acid-etched

© 2021 The Author(s). Published by the Royal Society of Chemistry
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HA coating, it showed better biological properties, making it
a promising alternative to titanium implants and demon-
strating its potential as a new type of oral cavity implant
material.
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