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Objective: Alkali treatment and bioactive glass (BG) sol dip-coating are well-known individual methods for ti-
tanium (Ti) surface modification. In this study, a unique combination of alkali treatment and bioactive glass sol
dip coating was applied to the Ti substrate, then the mechanical properties and cell responses were investigated.
Methods: Based on the methods introduced above, the Ti substrate was treated by 6 mL of an NaOH 5 M aqueous
solution for 24 h at 60 C; this was followed by adding 1.2 mL of a BG 58S sol to form a novel combined
nanostructure network covered by a thin BG layer. For the assessment of the formed coating layer, the
morphology, elemental analysis, phase structure, adhesion property and the cell response of the untreated and
treated surfaces were investigated.

Results: The BG coating layer was reinforced by the nanostructure, fabricated through the alkali treatment. The
results obtained by applying the combined modification method confirmed that the mechanical and biological
properties of the fabricated surface demonstrated the highest performance compared to that of the unmodified
and individually modified surfaces.

Significance: The achieved upgrades for this method could be gained from the demanded porous nanostructure
and the apatite transformation ability of the alkali treatment. Therefore, the hybridized application of the alkali-
BG treatment could be introduced as a promising surface modification strategy for hard-tissue replacement
applications.

1. Introduction played a vital role in modifying Ti-based implants (Valanezhad et al.,
2012); Mendonga et al., 2008; Mendes et al., 2007; Ponsonnet et al.,

Titanium (Ti) and its alloys are generally used to replace or augment 2003; Davies et al., 2013; (Le Guéhennec et al., 2007); (Gittens et al.,

the hard tissues of the human’s body because they demonstrate excellent
mechanical properties and osteoinductivity (Khorasani et al., 2015;
Gepreel and Niinomi, 2013). Despite these positive qualities, a direct
bone connection of Ti is still challenging in clinical applications due to
its bioinert surface behavior (Oshida, 2010; Geetha et al., 2009).
Furthermore, the bioinert nature of the Ti substrate can cause an in-
flammatory reaction through the Ti ion release toward the body (Singh
and Dahotre, 2007; (Ren et al., 2013); also, its surface still needs to be
transferred from a bioinert one to a bioactive one. To tackle these dis-
advantages, chemical modification of the Ti substrate has been devel-
oped. In this regard, fabrication of a bioactive coating layer or a physical
modification technique such as inducing roughness to the surface has

2011); He et al., 2009; Liu et al., 2004). Kim et al. in 1997 proved that to
fabricate a nanostructure coating layer on the Ti substrate with the
capability of bone-like apatite transformation and the desired
bone-bonding ability, the well-arranged NaOH solution has the best
potential and efficiency (HM Kim et al., 1997) to promote mineraliza-
tion and bone formation (Conforto et al., 2008; Camargo et al., 2017).
Nevertheless, individual alkali treatment utilizing NaOH solution builds
a permeable layer of titanate which releases Na™ and raises the local pH
immediately after exposure in biological environments, thus declining
the living cells’ activity (Li et al., 2014). As another treatment solution,
bioactive glass (BG), which was introduced by Larry Hench for the first
time (Hench et al., 1971), and the sol-gel derived BG 58S were reported
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by Lietal. (1991). To begin, BG 58S (58% SiO5, 38% CaO, 4% P50s) has
substantial superiorities, such as bioactivity, bone regeneration ability,
biodegradability and direct bone contact (Moghanian et al., 2021d;
Chen et al., 2018; Rahmani et al., 2021). In addition, BG 58S, as a
coating material with the desired percentage of its components, can play
a key role in improving the biological properties of the Ti substrate
(Moritz et al., 2004b) (Moghanian et al., 2021c). The bioactivity of the
BG coating could be due to the calcium and phosphorus release (Houreh
et al., 2017; Gentleman et al., 2010). Furthermore, since the molecular
ratios of calcium oxides and phosphorus in BG are similar to that of the
natural bone, BG can bind to the mineralized bone and it can therefore
be able to increase the biological behavior of the modified substrate,
such as ALP activity and the cell proliferation (Moghanian et al., 2021a).
Moreover, some recent studies have confirmed that BG with suitable
bioactive characteristics can also be incorporated in some other end-
odontic implants (Vallittu et al., 2018) and biocompatible materials to
build a desirable scaffolding system suitable for biomedical applications
(Saatchi et al., 2021; Zohourfazeli et al., 2021; Moghanian et al., 2021e);
the sol-gel procedure is a well-known method with a low cost and high
purity, as compared to other methods. This method is also environ-
mentally safe and homogeneous; it is carried out at room temperature
too (Moghanian et al., 2021a, 2021b). Further, the sol-gel preparation
technique of BG 58S is quick and straightforward, with remarkable
biological properties (Safaee et al., 2021; Bui and Dang, 2019; Mogha-
nian et al., 2021b). The individual BG coated Ti surface demonstrates
weaker strength compared to that of the uncoated Ti surface (Schrooten
and Helsen, 2000). So, to compensate for such drawbacks, one solution
was that by adding the BG 58S sol to the alkali solution after the
nanostructure formation, depending on NaOH, a reinforced thin BG 58S
coating layer with a homogeneous distribution could be formed on the
Ti surface. In the current research, for the first time, the medical grade Ti
surface was applied to both afore-mentioned substrate modification
techniques, i.e. alkali treatment (NaOH) and BG 58S (SiO2—CaO-P30s)
porous nanocomposite coating. The hypothesis was that by employing
the novel combined alkali-BG treatment, the Ti substrate would benefit
from the characteristics of both alkali treatment (appropriate porosity,
nanostructure network and firmly adhered coating layer) and nano-
ceramic coating (apatite transformation ability, and desired bioactivity
and biocompatibility). Therefore, we aimed to fabricate a high quality
BG 58S solution by utilizing the sol-gel method for the first time; then
the obtained BG sol was directly added into the NaOH solution con-
taining Ti samples. The hybridized coating layer was then characterized
and investigated in terms of bond strength and its biological behavior.

2. Materials and methods
2.1. Materials

The substrates utilized in the current study included medical-grade
pure Ti (Nippon Steel & Sumikin Stainless Steel Corp, Tokyo, Japan),
sodium hydroxide (NaOH; FUJIFILM Wako Pure Chemical Corporation,
Japan), ethyl tetraethyl orthosilicate (TEOS; FUJIFILM Wako Pure
Chemical Corporation, Japan), triethyl phosphate (TEP; FUJIFILM Wako
Pure Chemical Corporation, Japan), calcium nitrate tetrahydrate (Ca
(NOs)2* 4H20; FUJIFILM Wako Pure Chemical Corporation, Japan), hy-
drochloric Acid (HCl; FUJIFILM Wako Pure Chemical Corporation,
Japan), alpha-minimum essential medium (a.MEM; GIBCO, Invitrogen
TM, NY, USA), fetal bovine serum (FBS; GIBCO, Grand Island, NY, USA),
2-phospho-L-ascorbic acid (Asc; SIGMA-ALDRICH, Germany), f-Glyc-
erophosphate disodium salt hydrate (p-Gly; SIGMA-ALDRICH, USA),
dexamethasone (Dex; SIGMA-ALDRICH, USA), Alizarin red S staining
(SIGMA-ALDRICH Co., St. Louis, MO, USA), alkaline phosphatase (ALP)
activity kit (LabAssay™ ALP, FUJIFILM Wako Pure Chemical Industries,
Ltd), MTS assay kit (CellTiter 96® AQueous One Solution, Promega,
Madison, WI, USA), and preosteoblast cell-line MC3T3-E1 (Riken Cell
Bank, Tokyo, Japan).
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2.2. Methods

2.2.1. Sample preparation

Pure Ti plates with the diameter of 12 mm and thickness of 1 mm
were divided into four groups and then applied to prepare the designed
modified surfaces in this study. The substrates were all polished by
waterproof SiC polish papers with 400# grits. The ground substrates
were then washed with acetone, ethanol and deionized water using an
ultrasonic cleaner (VS-F100, As One Corp, Osaka, Japan) for 15 min
each. The washed samples were then dried in an oven (D0450FA, As One
Corp, Osaka, Japan) at 37 °C for 1 h and used as the control samples
(named Ti).

2.2.2. Alkali treatment

Alkali treated Ti (Ti-A) substrates were produced by immersing the
Ti samples into 6 mL of the NaOH (5 M) solution in polypropylene tubes;
the tubes were then placed in an oil bath shaker (SB-13, AS ONE, Osaka,
Japan) at 60 °C for 24 h. The alkali-treated samples were rinsed with
deionized water for 30 s and dried at 37 °C for 12 h.

2.2.3. Preparation of the BG 58S sol

The BG-coated Ti substrates (Ti-BG) were fabricated by applying the
sol dip-coating method. The BG 58S sol was derived from the sol-gel
method; accordingly, 10.24 gr TEOS, 1.16 gr TEP, 7.02 gr (Ca (NOs)
2.4H20), 1.30 gr Hydrochloric Acid (2 M), and 7.82 gr deionized water
were mixed and stirred using a magnetic stirrer (HS-360H, As One Corp,
Osaka, Japan) with 600 rpm for 3 h to form a clear and uniform sol
(Chen et al., 2018). The Ti substrates were coated by the sol dip-coating
method under the following conditions: dip length: 60 mm, dip speed: 9
mm/s, return speed: 9 mm/s, dip duration: 4 s, and dry duration: 60 s.
The coating procedure was followed with heating at 650 °C for 1 h
(Safaee et al., 2021).

2.2.4. Combination treatment of Alkali-BG

The combined BG-coated alkali-treated Ti substrates (Ti-A-BG) were
produced by a unique hybrid method. In this method, Ti substrates were
soaked into 6 mL of the NaOH (5 M) solution in polypropylene tubes; the
tubes were then placed in an oil bath shaker at 60 °C for 24 h; after the
alkali treatment, the BG sol was added to the NaOH with the ratio of 1/5.
The samples were kept in the treatment tube containing the mixed so-
lution at 60 °C for 1 h inside the shaker. The Ti-A-BG samples were then
rinsed with deionized water and this was followed by heating at 650 °C
for 1 h.

2.2.5. Characterization studies

The coated substrates’ surface morphology in various conditions was
observed by scanning electron microscopy (SEM: JEOL, JCM-6000 Plus,
Tokyo, Japan) at the accelerating voltage of 15 kV after the conventional
gold sputtering. The chemical composition and elemental analyses of the
coating layer were analyzed using energy-dispersive X-ray spectroscopy
(EDS, FE-SEM: JSM-7500, JEOL, Tokyo, Japan). The phase structure of
the coated layer on the substrate, before and after treatment, was
analyzed by an X-ray diffractometer (XRD) (Miniflex600, Rigaku co,
Tokyo, Japan). The diffractometer operated at 40 kV and 15 mA, with a
260 range of 20-80°, by utilizing a step size of 0.02.

2.2.6. Adhesion test

The adhesive strength of the Ti, Ti-A, Ti-BG and Ti-A-BG substrates
was tested using a universal testing machine (Instron 5566S, Canton,
MA, USA). The test was carried out by the method shown in Fig. 1. The
aluminum stud-pins with the diameter of 2.7 mm, were covered by a
reinforced epoxy resin adhesive (ROMULUS IV, Epoxy Resin Adhesive,
Quad Group, Spokane, WA, USA) with the thickness of 50 pm; they were
clipped on the center of the Ti samples surface and heated at 150 °C for
1 h to attach the pins to the sample. The heated samples and pins were
then slowly cooled to room temperature until the resin was completely
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Fig. 1. Schematic illustration of the adhesion test.
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hardened. The samples were then placed on the universal testing ma-
chine and the stud pins were pulled under a crosshead speed of 2 mm/
min until the bonding between the coating and stud pin was destroyed.
The measurement was repeated two times for eight similar surfaces in
the four mentioned separate groups. Finally, the standard deviations and
average adhesive strength values of the data obtained were calculated.

2.2.7. Cell response

The in vitro cell response of the substrates was investigated using
MC3T3-E1 cells. The cells were cultured in a plain medium containing
an a.MEM supplemented with 10% FBS, 100 units/mL penicillin and
100 pg/mL streptomycin; this was in a humidified 5% CO; balanced-air
incubator at 37 °C. A differentiation medium was prepared by applying
50 mL FBS, 50 pg/mL Asc, 10 mM B-Gly, and 50 nM Dex to the plain
medium. For the viability test, the mitochondrial dehydrogenase activ-
ity of the specimens was measured by the MTS assay. The samples were
divided into four experimental groups: Ti (control), Ti-A, Ti-BG, and Ti-
A-BG (n = 8). They were then placed in the cell culture plates; the
MC3T3-E1 cells were seeded onto the samples. Cell density was 2 x 10*
cells/mL and incubation was done at 37 °C with 5% CO,. The medium
was changed every two days. The viability of the samples was evaluated
after 2, 4 and 6 days; this was followed by the incubation of the cells for
4 h. The absorbance was measured using a plate reader (Multiskan™ FC,
Thermo Fisher Scientific, Waltham, MA, USA) at the wavelength of 492
nm.

Differentiation of the cells on the substrates was assessed by deter-
mining the ALP activity. Cells were cultured on the specimens per group
for the differentiation test (n = 8). The ALP activity was examined after
3, 7, 14 and 21 days of incubation. The cells were denatured in an
extraction solution for 15 min; the substrate solution was also added and
kept for 45 min; this was followed by adding the stop solution as a final
step. The obtained solution was transferred to 96 well plates and the
absorbance was measured using a plate reader at the wavelength of 405
nm to evaluate cells differentiation. Calcified nodule formation and
mineralized matrix formation of the specimens were evaluated using
Alizarin red S staining method. After each incubation period, including
3, 7, 14 and 21 days, the samples were washed twice with PBS and
stained in 5% Alizarin red S for 15 min. The staining solution was
aspirated, and the stained samples were washed with deionized water to
remove the excess staining reagent. The stained samples were then
observed using digital microscopy (VHY-100K, Keyence, Tokyo, Japan).

Statistical analysis was carried out by using a one-way analysis of
variance (ANOVA) with the statistical significance set at P < 0.05 (*) and
P < 0.01 (**).
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3. Results
3.1. Characterization of the modified substrates

Fig. 2 shows the SEM images of the untreated and treated Ti surfaces
in various treatment conditions. The SEM image of the Ti substrate is
presented in Fig. 2(a, A) as a control sample. Fig. 2(b, B) also exhibits the
surface morphology of the alkali treated substrate, Ti-A, with a nano-
structure formed on its surface by alkali treatment. Further, Fig. 2(c, C)
shows the BG 58S coated substrate and Ti-BG substrate’s morphology.
As it can be seen that a relatively non-homogeneous distribution of the
BG particles was formed after coating with the BG 58S. Fig. 2(d, D)
exhibits the substrate subjected to the combined alkali-BG treatment
method (Ti-A-BG). The Ti-A-BG substrate’s surface showed a fully
covered homogeneous coating layer containing a uniform distribution of
BG 58S nanoparticles on the porous nanostructure network.

Fig. 3 demonstrates the FE-SEM micrographs and the EDS elemental
analyses of the Ti, Ti-A, Ti-BG, and Ti-A-BG substrates. Fig. 3(a) also
shows the untreated Ti morphology and the EDS elemental analysis

(a) _®

Fig. 2. SEM micrographs of the untreated and treated substrates: Ti (a, A), Ti-A
(b, B), Ti-BG (c, C), and Ti-A-BG (d, D).
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Fig. 3. FE-SEM micrographs and EDS spectra of the untreated and treated
substrates: Ti (a), Ti-A (b), Ti-BG (c), and Ti-A-BG (d).

spectra. According to the EDS results, only the Ti peak was detected in
the Ti sample elemental analysis. Fig. 3(b) exhibits the FE-SEM image
and EDS spectra for the Ti-A substrate. A uniform, typical and fully
covered porous nanostructure network layer was fabricated on the Ti
surface. The EDS spectra results for the Ti-A sample confirmed that the
treated surface containing Ti, O and Na elements resulted from the alkali
treatment by the NaOH solution. Fig. 3(c) also shows that individual Ti-
BG samples had no homogeneous distribution of the coating material
(BG) on the substrate. However, the EDS spectra for the BG 58S coated
surface presented Ca, P, and Si elements, which belonged to the BG 58S
ceramic on the Ti substrate. Fig. 3(d) demonstrates the Ti-A-BG
elemental analysis results. Based on the EDS spectra, the elements Ti,
O, Ca, P and Si were detected on the Ti-A-BG substrate due to the hy-
bridized treatment by the NaOH solution and the BG sol. The FE-SEM
image also revealed an excellent fully-covered typical coating layer on
the Ti-A-BG sample.

Fig. 4 shows the XRD patterns of the Ti substrates before and after
treatment in various conditions. The Ti peak was assigned to Ti (Fig. 4
(a)) and Ti-A, Ti-BG, and Ti-A-BG substrates (Fig. 4(b, c), and d). The
detected main peak for the Ti-A substrate’s XRD pattern (Fig. 4(b)) was
attributed to the titanate nanostructure network layer. The XRD pattern
for the Ti-BG substrate (Fig. 4(c)) demonstrated that after BG 58S
coating, the apatite peaks were detected in the pattern. The XRD pattern
for Ti-A-BG (Fig. 4(d)), under the combined coating condition,
confirmed the existence of the apatite phase on the substrate.
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Fig. 4. XRD patterns of the unmodified and various modified Ti surfaces: Ti (a),
Ti-A (b), Ti-BG (c), and Ti-A-BG (d).

3.2. Adbhesive strength of the modified substrates

Fig. 5 exhibits the adhesion test results for the Ti substrates before
and after treatment in different conditions. The measured adhesive
strength for the Ti, Ti-A, Ti-BG, and Ti-A-BG substrates was 56.3 + 8.9,
50.0 + 6.3, 32.8 + 3.0, and 45.4 + 5.8 MPa, respectively. As shown in
Fig. 5, the bond strength of the Ti-A sample was decreased slightly, as
compared to Ti, without any significant difference. Also, there was a
significant difference between Ti-A and Ti-BG in terms of adhesive
strength. Both Ti-BG and Ti-A-BG substrates showed lower adhesive
strength in comparison Ti and Ti-A ones. However, the bond strength of
Ti-A-BG was not much low, as compared to Ti and Ti-A. Above all, the
adhesive strength of the Ti-A-BG sample was significantly higher than
that of Ti-BG sample.

Fig. 6 shows the FE-SEM micrographs and EDS results of the failure
area for Ti, Ti-A, Ti-BG and Ti-A-BG after the adhesion test. The FE-SEM
images exhibited that the resin adhering to the coated samples’ surface
partially remained on the surface, even after the adhesion test. Ac-
cording to the FE-SEM images for the BG-coated samples, Ti-BG and Ti-
A-BG, the failure mechanism for the coatings was the mixed one. In
other words, a mixture of adhesive and cohesive failures was shown on
the coated samples. Besides, the EDS results for Ti-BG and Ti-A-BG, as
obtained from the failure area, confirmed that after the adhesion test, all
elements of the BG 58S coating, such as Ca, P, and Si, remained on the
surface, even after the adhesion test.
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Fig. 5. The adhesive strength of the Ti, Ti-A, Ti-BG, and Ti-A-BG substrates.
(*p < 0.05).
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Fig. 6. FE-SEM and EDS results of the samples after the adhesion test: Ti (a), Ti-A (b), Ti-BG (c), and Ti-A-BG (d).

3.3. Cell response

Fig. 7 demonstrates the results of the viability test, as assessed by the
MTS assay, and the effect on the cultured osteoblastic MC3T3-E1 cells in
terms of the optical density (0.D.) of the proliferating cells for the un-
modified Ti substrate and various modified substrates. As can be seen in
Fig. 7, after 2 days of cells incubation, all samples’ surfaces displayed
biocompatible behaviors from their substrates, with no significant dif-
ference in their O.D. values. The viability test results also indicated the
cytocompatibility of all unmodified and modified substrates from 2 to 4

days was as follows: Ti-A-BG > Ti-BG > Ti > Ti-A. However, as expected,
from 4 to 6 days and after that, MC3T3-E1 cells on the surface were
subjected to a combined alkali-BG treatment, and Ti-A-BG proliferated
significantly, as compared to the untreated Ti surface as the control and
the individually treated Ti-A surface.

Fig. 8 shows the results of the cell differentiation carried out by the
ALP assay using the MC3T3-E1 cells, in terms of the O.D. of the differ-
entiating cells for the unmodified Ti surface as the control and various
modified Ti substrates. The results demonstrated that from 3 to 7 days of
incubation, all specimens displayed approximately similar bioactivity
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Fig. 8. The differentiation of MC3T3-E1 cultured on the Ti, Ti-A, Ti-BG, and Ti-
A-BG substrates for 3, 7, 14, and 21 days of incubation. (**p < 0.01).

behaviors from their surfaces, with no considerable difference in their O.
D. values. In other words, the cells could be differentiated on all un-
modified and modified Ti substrates. However, according to Fig. 8, after
14 days of incubation, the MC3T3-E1 cells on the Ti-A-BG substrate
presented the highest cell differentiation capacity with a significant
difference between all unmodified and other modified substrates.

Fig. 9 demonstrates the biomineralization of the MC3T3-E1 cells on
the Ti, Ti-A, Ti-BG, and Ti-A-BG samples after 3, 7, 14 and 21 days of
incubation. As shown, from 3 to 21 days, with the progress of the
experimental periods, according to the dark red stained area created
after the Alizarin test, the highest mineralized matrix was observed on
the Ti-A-BG sample among all others.

4. Discussion
4.1. Coating on the Ti

The coating was successfully formed on the Ti samples as it was
expected. The obtained morphological information by SEM for the Ti-A
treated samples proved that the alkali treatment produced a porous
nanostructure coating layer on the Ti substrate; this was similar to the
previous studies (HM Kim et al., 1997); (Kokubo and Yamaguchi, 2010).
Based on our previous study, regarding Ti-BG treated samples, a rela-
tively non-homogeneous distribution of the BG particles and the
non-fully covered surface occurred after the modification procedure
(Safaee et al., 2021). However, the surface morphology of the combined
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treated substrate, Ti-A-BG, proved a fully covered homogeneous BG
coating layer with the regular distribution of the BG 58S nanoparticles
on the porous nanostructure network. Moreover, the elemental analysis
results indicated the existence of the Ca, P, and Si elements on the
Ti-A-BG substrates similar to Ti-BG samples. The detected peak in the
XRD patterns of the Ti-A sample referred to the titanate nanoporous
layer, which was similar to the previous report (HM Kim et al., 1997).
The apatite peaks identified in the XRD patterns of the Ti-BG sample had
already been confirmed in the previous study (Li et al., 1991; Safaee
etal., 2021). In the field of biomaterials science, with BG, the bioactivity
of a material usually means that the material is capable of forming the
apatite mineral on its surface (Vallittu et al., 2018). In the present study,
the XRD peaks confirmed that this fundamental phenomenon had
occurred indefinitely. Based on the comparison of the diffraction peaks
for Ti-BG and Ti-A-BG in the XRD patterns, the apatite peak illustrated
higher intensities for the Ti-A-BG rather than Ti-BG substrate after it
being subjected to heat. The increasing rise in the intensity of the apatite
peak, shown in the Ti-A-BG XRD pattern, could be due to the penetration
of BG 58S into the porous nanostructure network and increasing of the
apatite transformation amount which is limited due to the inadequate
phosphorus ion level in BG.

4.2. Mechanical properties of the coating layer

In implantation, a strong adhesion must be established between the
coated layer and the implant surface to prevent post-implant destruction
(Mohseni et al., 2014; Wang et al., 1996). Even though the Ti-BG sub-
strate’s adhesive strength was the lowest among all samples, the
measured adhesive strength for the Ti-BG sample, 32.8 + 3.0 MPa, was
greater than the adhesive strength of hydroxyapatite coating on the Ti
surface, which was reported before (Arcos and Vallet-Regi, 2020). The
bonding strength of the Ti-A-BG sample showed a significant difference
in comparison to the Ti-BG substrate. In addition, according to the
fractured area of the Ti-A-BG specimen, as shown in the FE-SEM images
(Fig. 6(d)), and the existence of Ca, P, and Si on the combined treated
surface, even after adhesion testing based on the EDS results (Fig. 6(d)),
the coating failure mechanism was found to be a mixed one. That is, a
mixture of adhesive and cohesive failures occurred on the combined
treated specimens. Fiber-reinforced bioglass ceramics have the potential
to be used as the load-bearing implants (Zhao et al., 2009). Fabrication
of a fiber nano-level structure by alkali treatment on the Ti-A substrate
therefore plays a key role in maintaining the reduction of bond strength,
as proved by the adhesive strength results of the Ti-A samples in the
literature (Lee et al., 2002). Also, according to the BG 58S fabrication
protocol and alkali treatment method, there is an identical stage in the
protocols of both methods. Since both techniques need to be heated at
650 °C, the titanium oxide phase could be formed on the Ti substrate
after subjected to heat treatment. The phase transformation from
anatase to rutile at 650 °C has been reported previously (Khodaei et al.,
2017). Besides this, heat treatment at 650 °C as a final step of alkali
treatment has shown to enhances bone bonding and improves the bio-
logical activity of the treated Ti surface (Nishiguchi et al., 1999). Also,
heating at 650 °C as a final step of the BG preparation protocol is a
necessity or a requirement that is needed. This common stage (heating at
650 °C) could contribute to the rise of BG and Ti substrate adhesion
without collapsing after implantation. The originality of the current
study in regard to biomechanical properties is the fabrication of a
combined coating layer, including BG 58S nanoparticles, into a rough
nanostructure network with a unique bonding strength behavior based
on its nano level roughness. The measured adhesive strength for the
Ti-A-BG sample proved that the BG 58S particles had adhered firmly to
the Ti surface after subjected to alkali treatment. The measured adhesive
strength for the Ti-A-BG samples in this study was higher than that of the
bioactive borate glass coating on the Ti surface (36 + 2 MPa) (Peddi
et al., 2008).
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Ti-BG

Ti-A-BG

4.3. Cell response

The cell proliferation data, as shown in Fig. 7, confirmed the
biocompatibility of the Ti substrate due to its initial phases of cell pro-
liferation. After BG 58S coating on the Ti substrate, the optimal cell
proliferation ability of the BG 58S bioceramics (Gong et al., 2012);
(Bielby et al., 2004) could guarantees the enhanced cell viability on
Ti-BG, in comparison to the control group (Ti). The cell proliferation
capacity of Ti, Ti-A and Ti-BG has already been assessed by scientists.
However, the cell viability of the present hybrid modified substrate
utilizing alkali-BG has not been previously investigated. As shown in
Fig. 7, after 4 days of incubation, MC3T3-E1 cells on the Ti-A-BG
modified surface proliferated significantly, as compared to Ti and
Ti-A; also, there was a slight rise in its O.D. values compared to that of
the Ti-BG substrate. Ti-A-BG samples for all cultured duration periods
showed higher cell proliferation levels than that of the Ti-BG substrates;
therefore, the cause of it being present could possibly be due to the
homogeneous distribution of the BG 58S nanoparticles into the nano-
structure network alkali treated sample after BG coating (Ti-A-BG).
Finally, the cell viability study proposed that the BG 58S coating on the
alkali treated Ti substrate led to the proper cell growth and proliferation
environment. Furthermore, due to the alkali treatment process, the Ti
sample should be soaked into the alkali solution, resulting in a titanate
layer on its substrate. This layer has a good potential for easy and quick
hydrolysis, leaving more hydroxyl groups on the modified Ti substrate,
in comparison to the unmodified Ti substrate. Heating is the final step of
the alkali treatment procedure causing the fabrication of a stable titania
layer on the treated surface (H-M Kim et al., 1997). This procedure is
necessary to trigger the nucleation of apatite (Li et al., 1994; Kitsugi
et al.,, 1996) after BG coating. Therefore, the apatite transformation
ability of the coated BG on the Ti surface could have a direct effect on the
cell differentiation after 3 days based on Fig. 8 and the previous studies
(Nishio et al., 2000). Regarding the Ti-BG substrate, the appropriate
bioactivity and cell differentiation capability of the BG 58S ceramics
(Gong et al., 2012) could guarantee enhanced cell osteoblastic differ-
entiation, as compared to that of the control. In addition, BG stimulate
bone regeneration, which is attributed to their dissolution products,

7d

Fig. 9. Calcium nodules formed by the MC3T3-E1 cells cultured on Ti, Ti-A, Ti-BG, and Ti-A-BG upon 3, 7, 14 and 21 days of the incubation time.

14d 21d

stimulating cells at the genetic level (Jones et al., 2016). According to
Fig. 8, due to the O.D. values, after 7 days of incubation, the Ti-BG
treated substrate demonstrated less inhibition of the ALP activity of
MC3T3-E1 cells in comparison to Ti and Ti-A samples (Moritz et al.,
2004a). The reason being for this could be due to the existence of Ca and
P elements, as confirmed by EDS, which would improve cell differenti-
ation (Olmo et al., 2003). As can be seen in Fig. 8, from the data ob-
tained, after 14 days of incubation of MC3T3-E1 cells on the combined
Alkali-BG substrate, Ti-A-BG, differentiated significantly in compari-
son to Ti, Ti-A and Ti-BG, thus suggesting that the combined treated
system is more suitable than the untreated and any other treated sur-
faces. The Alizarin red S staining method is a popular method to
investigate the biomineralization level of MC3T3-E1l cells (Gregory
et al., 2004). As can be seen in Fig. 9, after 14 d of incubation, the cal-
cium nodules formation of the cells on the Ti-A-BG sample was raised, as
compared to Ti-BG. This elevation was proportional to the escalation of
Ca and P on the surface, as indicated by EDS and a previous study
(El-Ghannam et al., 1997). On the other hand, as can be seen in Figs. 2
and 3, Ti surface was ranked from ground (Ti) to porousness after alkali
treatment (Ti-A). This can certainly escalate the area level and increase
nano-topographical features per unit area (Bsat et al., 2015). In the
Ti-A-BG hybridized application, after placing the BG sol into the porous
nanonetwork structure of Ti-A, the growth in the area caused further rise
of the Ca and P release from the surface.

Finally, according to all assessments and the data gained for the
combined alkali-BG modified substrate, it could be claimed that the Ti-
A-BG treated surface benefited from all advantageous effects brought on
by both the alkali treatment and BG coating. They intensified and
increased the beneficial factors by improving the quality value of each
other’s advantages and at the same time, companesated for their dis-
advantages. The combined application of alkali treatment and BG
coating is presented as a promising surface chemical modification
method for the implant industry. Besides this, the study demonstrated
the key role of surface roughness in optimizing the typical coating on the
Ti surface which enhanced the mechanical and biological properties.
Further study is, however, recommended to probe the mechanism of the
effect of the combined alkali-BG treatment on the Ti implants surface.
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5. Conclusion

Ti substrate was successfully coated through alkali treatment fol-
lowed by the adding of the BG 58S Sol to the alkali treatment solution.
Characterization results confirmed the existence of Ca and P elements
and apatite phase transformation ability resulting from the BG 58S
coating and a porous nanostructure layer caused by alkali treatment on
the combined Ti-A-BG surface.

The measured adhesive strength for the combined Ti-A-BG sub-
strate’s surface proved the high bonding strength between the coating
and Ti substrate. The hybrid Alkali-BG coating improved the cell pro-
liferation, ALP activity and bone nodule formation of the Ti substrate,
exhibiting the best performance among all other substrates in terms of
biological properties.
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