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Abstract: Medical pure titanium (Ti) shows excellent chemical stability and mechanical properties
in clinical uses, but its initial fixation with host bone, when implanted, is usually delayed owing to
the bioinert Ti surface. In this study, we fabricate the hydroxyapatite (HA)-coated titanium by three
steps reactions: (1) to form an activated 0 layer by immersing Ti substrate into an alkaline solution
such as NaOH; (2) the O>~ bonds with Ca?* to form Ca-O-Ti bonding, in which O plays the part
of bridge materials between Ca and Ti substrate and (3) the conversion of Ca—O-Ti samples to HA-
coated Ti samples by immersion into NaHPOy4 2 M at 180 °C for 48 h using hydrothermal methods.
The effect of different phosphate solutions (NaH,PO4 2 M and Nay;HPO, 2 M solution) and hydrother-
mal treatment time (24 and 48 h) on the characteristic of hydroxyapatite coating titanium substrate
is also investigated using the optical microscope, thin film XRD and SEM/EDX. The HA-coated Ti
samples fabricated by immersion into NayHPO,4 2 M at 180 °C for 48 h show fiber HA covering Titan
substrate with a diameter varying from 0.1 to 0.3 pum. These HA-coated Ti samples can be regarded
as promising multifunctional biomaterials.

Keywords: hydroxyapatite coating; titanium; hydrothermal treatment; bone implant

1. Introduction

Historically, titanium (Ti) has been used widely to develop artificial bone graft im-
plants for a long time due to its high bioinert properties, long-term implant corrosion
resistance, high mechanical strength and biocompatibility [1-3]. Despite the fact that
titanium has been used widely in clinical settings, e.g., dental and orthopedic implants, a fa-
vorable bioactivity performance was not always obtained upon contact with the bone [4,5].
Forming an inert TiO, layer on the surface of a Ti substrate upon exposure to oxygen
decreases the bioactivity of the Ti implant and delays the fixation of the osteoblast cells to
the Ti surface [6-12]. Since titanium was reported to be an excellent biocompatible material
in animal studies, the commercially pure titanium is the most prominent alloy used for
biomedical applications.

These Ti materials are widely used due to their high Young’s modulus when compared
to human bone, eminent biocompatibility, machinability, formability, compatibility, corro-
sion, and crack resistance, as well as their remarkable bending and fatigue strength [13,14].
These properties make titanium and its alloy ideal for bone and joint or cochlear replace-
ments, orthodontic surgery screw parts, tooth fixation dental implants, artificial heart
valves, and surgical instruments [15,16].

In addition, the higher mechanical strength of Ti samples could release the residual
stress on implanted bone during body movement after bone treatment [17]. To avoid these
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disadvantages of pure titanium implants as well as accelerate the fixation of the Ti implant
to the host bone, the Ti implant surface needs to be bonded with a calcium and phosphate
(CaP) layer based on the concept that the CaP layer with a chemical composition similar
to host bone could obtain better bond between the CaP coated titanium and host bone.
Among these CaP materials, hydroxyapatite (Cajo(PO4)s(OH),) (HA) has been selected as
a good choice owing to its excellent bioactivity [18-24]. Therefore, the need to fabricate
an HA-coated titanium substrate for bone regeneration has received significant attention
recently. To prepare the HA and calcium phosphate materials, researchers refer to the
chemical route such as the precipitation method, the hydrothermal method, due to its
simplicity, and the cost-effective method to apply in mass production [25-30]. Thus, we aim
to coat HA on the pure titanium substrate by immobilizing the Ca?* ion onto the titanium
surface, then immersing it into phosphate solution to form a CaP coating layer on the Ti
surface using hydrothermal treatment. In this study, we fabricated the HA-coated Titan
substrate by hydrothermal reaction. We also investigate the effect of different phosphate
(H3PO4 15 M, NaH,PO4 2 M and Nap, HPO4 2 M) solutions and hydrothermal treatment
times (180 °C for 24 and 48 h) characteristic of a hydroxyapatite-coated titanium substrate.

2. Materials and Methods
2.1. Materials

The commercial Ti substrates (smooth Ti) measuring 12 mm (length) x 5 mm (width) x 5 mm
(height) were donated from the Department of Orthopedics, Cho Ray Hospital, Ho Chi Minh
City, Vietnam. Sulfuric acid, hydrochloric acid, Ca(NOg3),-4H,0O, H3PO4, NaH;PO,4 and
Na,HPO,4 materials were supplied by Xilong Chemical (Chengdu, China) without purification.

2.2. Preparation of Rough-Surface Ti Samples

Smooth surface Ti was chemically etched using the mixture of 50% vol sulfuric acid
and 7% vol hydrochloric acid at 70 °C for 30 min with the volume ratio of H,SO4:HCl as
50:50. Then, the obtained rough Ti was washed ultrasonically with ethanol and distilled
water each for 5 min successively, followed by drying overnight.

2.3. Preparation of Ca—O-Ti Samples

The rough-surface Ti bars were immersed in NaOH 5 M at 60 °C for 24 h, followed
by immersion in Ca(NOs3);-4H,O 0.5 M at 60 °C for 1 h to achieve the Ca—O-Ti uniform
coating. The evaporation of solvent resulted in the precipitation of Ca(NO3); on the surface
of rough Ti bars. The rough Ti coated with Ca(NO3), was heated at 600 °C for 3 h with the
heating ratio of 10 °C/min using an electric furnace (Nabertherm 1400, Berlin, Germany)
to obtain the Ca—O-Ti bars. During the heat treatment, Ca(NOj3), was thermally decom-
posed to CaO, and the CaO subsequently reacted with the OH™ group on the rough-surface
Ti bars to form Ca—O-Ti samples. The Ca—O-Ti samples were cooled down in the furnace
before removal to release the residual stress of coating within.

2.4. Preparation of Hydroxyapatite-Coated Ti Samples (HA-Coated Ti Samples)

The Ca-O-Ti bars were immersed in 3 kinds of phosphate solutions at different
hydrothermal conditions such as: H3PO,4 15M at 180 °C for 24 h; NaH;PO4 2 M at 180 °C
for 24 and 48 h; and Nap,HPO,4 2 M at 180 °C for 24 and 48 h to study the effect of
different phosphate solutions on the characteristics of HA-coated Ti bars. The flowchart of
preparation HA-coated Ti bars is summarized in Figure 1.

2.5. Materials Characterizations

The phase analysis using thin-film XRD: the sample was put in an XRD machine
(Bruker D8 Advance, Bruker, Berlin, Germany) with the 2theta scanning from 5 to 60°,
operation at 40 kV and 40 mA.

The visible images of samples were obtained by an optical microscope (Olympia CX23)
(Olympia, Tokyo, Japan) to evaluate the coating layer on Ti bars.
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Figure 1. Flowchart of preparation HA-coated Ti.

The morphology analysis was performed using SEM/EDX: the sample was adhered
with carbon tape stick to cupper substrate before carrying out the SEM analysis (Hitachi
S-4800) (Hitachi Ltd., Tokyo, Japan) at 10 kV. The elemental mappings of the surface area
were observed using the EDX technique, with a focus on Na, P, Ca and Ti elements.

3. Results

Figure 2a shows the surface image of the Ti substrate using a microscope technique.
In brief, the Ti bar sample has a scratch-free, uniform surface. Table 1 shows the phenomena
of Ca—O-Ti bars upon immersion into three kinds of phosphate solutions at 180 °C for dif-
ferent hydrothermal treatment times. When immersed, the Ca-O-Ti samples in phosphoric
acid solution 15 M at 180 °C for 24 h, the Ca—O-Ti samples were dissolved completely.
In contrast, the shapes of the Ca-O-Ti samples were maintained when immersed in both
NaH,PO4 2 M and NapyHPOy4 2 M solutions at 180 °C for 24 and 48 h as indicated in Table 1.
In contrast with uniform Ti substrate (Figure 2a), the Ca—O-Ti samples show different
image morphology when immersed in NaH,PO, 2 M solution at 180 °C for 24 and 48 h.
The Ti surface was covered with a white cluster, indicating the new deposition of calcium
phosphate crystal on the surface. In addition, these new deposition layers increased when
the Ca—O-Ti samples were immersed into Na,HPOy, 2 M solutions at 180 °C for 24 and
48 h (Figure 2c1,c2).

Figure 3 shows the thin film XRD of the Ti substrate (Figure 3a) and Ca-O-Ti samples
(Figure 3b) and Ca—-O-Ti samples when immersed in different sodium phosphate solutions
at 180 °C for 24 and 48 h (Figure 3c1,d1,c2,d2). In brief, the Ti substrate was pure Ti
(PDF#44-1294), as shown in Figure 3a, with the strongest peak of Ti at 2theta = 40°. When
immersed into NaOH 5 M at 60 °C for 24 h and Ca(NO3),-4H,O 1 M at 60 °C for 1 h,
followed by calcination at 600 °C for 3 h, the Ti peak could be observed at 2theta = 35°, 38.4°
and 40°, while the peak of sodium hydrogen titanium oxide (NaggH; 2 TizO7) (PDF#48-
0693) and perovskite (CaTiO3) (PDF#22-0153) could be observed at 2theta = 29.7° and
32.4°, respectively, as shown in Figure 3b. When the Ca—O-Ti samples were treated with
NaH;PO4 2M and NayHPO4 solution at 180 °C for 24 h, the peak of sodium hydrogen
titanium oxide and perovskite disappeared (Figure 3c1,c2), while the peak of calcium
hydrogen phosphite (Ca(H,PO,), (PDF#01-0588) could be observed at 2theta = 26.3°
(Figure 3c2). In addition, the new peak of hydroxyapatite (Cajo(PO4)s(OH),) (PDF#09-
0432) could be observed only when Ca—O-Ti samples were immersed in Na,HPO, 2 M at
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180 °C for 48 h, with the 2theta peak of hydroxyapatite at 31.8° (Figure 3d2) as compared
with commercial hydroxyapatite (Figure 3e).

Black arrow: Titan substrate
White arrow: Coating layer

Figure 2. Optical microscopy images of (a) Ti bar and when hydrothermal treated at different
phosphate solutions: (b1) NaH,PO4 2 M at 180 °C for 24 h; (b2) NaH,PO4 2 M at 180 °C for 48 h
and (c1) NapHPO,4 2 M at 180 °C for 24 h; (c2) Na,HPO,4 2 M at 180 °C for 48 h. The black arrows
indicate Ti substrate, while the white arrows indicate the coating layer.

Table 1. Phenomena observed when Ca—O-Ti bars were immersed into 3 kinds of phosphate solutions at 180 °C for different hydrothermal

treatment times.
. Hydrothermal Treatment Phenomena Observed by
Phosphate Solution Condition Optical Microscope
H3;PO4 15 M 180 °C for24 h Titanium substrate was dissolved

180 °C for24 h The thinner white layer could be observed
NaH,;PO,2M 180 °C for 48 h The thinner white layer could be observed

180 °C for24 h The thicker white layer could be observed
NaHPO, 2M 180 °C for 48 h The thicker white layer could be observed

Figure 4 shows the SEM images of the Ti substrate (Figure 4a), the Ca—O-Ti sam-
ples (Figure 4b) and an SEM image of the Ca—O-Ti sample when immersed in different
sodium phosphate solutions at 180 °C for 24 and 48 h (Figure 4c1,d1,c2,d2). In brief,
the Ti substrate changed the morphology from plate-like particles (Figure 4a) to irregular
particles (Figure 4b) when immersed with NaOH 5 M and Ca(NO3)-4H,0 1 M followed
by calcination at 600 °C for 3 h. However, when the Ca-O-Ti samples were treated with
NaH;PO4 2 M solution at 180 °C for 24 and 48 h, the morphology changed again from ir-
regular shapes into plate-like shapes (Figure 4c1,c2). In contrast, the Ca-O-Ti samples were
treated with Na,HPO, 2 M solution at 180 °C for 24 and 48 h, the morphology changed
from irregular shapes into short and typical long needle-like shapes of hydroxyapatite
(Figure 4d1,d2).
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Figure 3. Thin film XRD patterns of (a) Ti bar; (b) Ca—O-Ti bar; and when hydrothermally treated
with different phosphate solutions, such as (¢1) NaH,PO4 2 M at 180 °C for 24 h; (¢2) NayHPO, 2 M
at 180 °C for 24 h; (d1) NaH,PO,4 2 M at 180 °C for 48 h; (d2) Na,HPO4 2 M at 180 °C for 48 h
and (e) the commercial hydroxyapatite powder. Code: T—titanium (Ti) (PDF#44-1294); S—sodium
hydrogen titanium oxide (Nag gHj  Ti3O7) (PDF#48-0693); P—perovskite (CaTiO3) (PDF#22-0153); C—
calcium hydrogen phosphite (Ca(H,PO;), (PDF#01-0588); HA—hydroxyapatite (Cajo(PO4)s(OH),)
(PDF#09-0432).
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Figure 4. SEM images of (a) Ti bar; (b) Ca-O-Ti bar; and when hydrothermal treated at different
phosphate solutions such as (c1,c¢2) NaH,PO4 2 M at 180 °C for 24 and 48 h; (d1,d2) Na,HPO, 2 M at
180 °C for 24 and 48 h.
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Figure 5 shows the EDX images with mapping elements of NaKa; PKa; CaKa and
TiKa of Ti substrate (Figure 5al,el), the Ca—O-Ti samples (Figure 5a2,d2,e2) and Ca-O-Ti
sample when immersed in different sodium phosphate solutions at 180°C for 24 and 48 h
(Figure 5a3—e3;a4-e4;a5-e5;a6—e6). Basically, the mapping peak of NaKa and PKa increased
as Ca—O-Ti samples were immersed in sodium phosphate solutions at 180 °C for 24
and 48 h. In addition, the mapping peak of CaKa reduced as the Ca—O-Ti samples were
immersed in sodium phosphate solutions at 180 °C for 24 and 48 h. It needs to be noticed
that the distribution of the CaKa peaks was less homogenous when Ca-O-Ti samples
were immersed in NaH;PO, 2 M solution (Figure 5d3,d4) than in NaH;PO, solution
(Figure 5d5,d6).

NaKa PKa CaKa TiKa

10pm =—

180°C/24h
. ! 10pm =— 10um
Na,HPO, 2M B - [=a =l
180°C/48h o

10pm =— ' 10pm =— 10um == 10pm =— 10pm =—

Figure 5. SEM and EDX images of (al-el) Ti substrate; (a2—e2) Ca—O-Ti samples, and when hydrothermally treated
with different phosphate solutions; (a3—e3) NaH,PO, 180 °C/24 h; (ad—e4) NaH,PO, 180 °C /48 h; (a5-e5) NayHPO,
180 °C /24 h and (a6-e6) Na,HPO,4 180 °C /48h.

Figure 6 shows the EDX spectra of the NaKa, PKa, CaKa and TiKa elements of
the Ti substrate (Figure 6a), the Ca—O-Ti samples (Figure 6b) and the Ca—O-Ti sample
when immersed in different sodium phosphate solutions at 180 °C for 24 (Figure 6(c1,c2))
and 48 h (Figure 6(d1,d2)). Basically, the titanium substrates demonstrated a TiKa peak at
energy = 4.7 keV (Figure 6a). The Ca—O-Ti sample exposed the CaKa peak at energy = 3.8 keV
and a small TiKa peak at energy = 4.7 keV (Figure 6b), indicating that the titanium substrates
were completely covered by a calcium layer. In addition, the Ca—O-Ti samples treated by
NaH;PO4 2 M and NapHPO,4 2 M at 180 °C for 24 and 48 h displayed the NaKa, PKa and
CaKa peak at energy =1, 2.1 and 3.8 keV, respectively (Figure 6(c1,d1,c2,d2)). However,
in the case of using Na,HPO,4 2 M solution, the peak of CaKa was too small to detect,
indicating that Ca was immobilized under the PKa layer (Figure 6(c2,d2)).
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Figure 6. EDX spectra of NaKa, PKa, CaKa and TiKa elements of (a) Ti substrate; (b) the Ca—O-Ti samples; (¢1,d1) Ca—O-Ti
sample when immersed in the NaH,POj solution at 180 °C for 24 and 48 h and (c2,d2) the Ca—O-Ti sample when immersed
in the Nay,HPOy solution at 180 °C for 24 and 48 h.

4. Discussion

A hydroxyapatite-coated titanium substrate was successfully obtained via the follow-
ing steps: (1) form an activated O?>~ layer by immersing Ti substrate in alkaline solution,
such as NaOH; (2) the 0%~ bonds with Ca?* to form a Ca—O-Ti bond, in which O acts
as a bridge material between the Ca and Ti substrate. The calcination process supports
the immobilization of Ca?* in the deep surface of the Ti substrate, enhancing the inter-
locking between the Ti substrate and Ca?*; (3) convert Ca—O-Ti samples into CaP-Ti
samples by immersion in phosphate solution. As a result, the hydroxyapatite deposited
on the Ti surface leads to favorable bonding between the Ti surface and bone area contact.
The summary mechanisms of the hydroxyapatite coating on the surface of the Ti substrate
are introduced in Figure 7.

The soaking process of Titanium substrate into NayHPO,4 2 M solution at 180 °C
for 48 h often involves the supersaturated PO4>~ group, leading to the precipitation of
hydroxyapatite on the Ti substrate. With regards to the biological activity of the HA-
coated Ti sample and pure Ti-sample, the appearance of Ca and P ions immobilized on
the Ti surface promotes the fixation of the osteoblast cell on the Ti surface upon initial
implantation; thus, the HA-coated Ti sample could be used as bone graft materials. Doe et al.
reported that HA-coated Ti implanted in rat long bone promotes the bone formation with
superior biocompatibility, stability and biosafety [31]. These findings are also similar with
to previous research, which found that the Ti alloy, after coating with nano silver particle
(AgNP) and B-TCP, can enhance the viability of MSCs as Ca?* and PO,>~ are generated
after the hydrolysis of 3-TCP [32,33]. Ayukawa et al. reported that the osseointegration
for titanium is achieved by binding calcium-binding proteins such as osteopontin and
osteocalcin to the titanium surface via calcium ion [34]. The meaning of this research
should be put into the context of research oriented in the author’s lab. In the present study,
the forming of HA on the Ti surface was favorable if Ca—O-Ti samples were immersed in
Nay,HPOy solution at 180 °C for 48 h. Some studies have considered the effect of different
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sodium phosphate solutions on the synthesis of HA, for example, Kunio Ishikawa suggests
the use of Naj gHj ,POy can accelerate the forming of HA putty [35]. In the research by
Arief, HA was formed by mixing of CaCO3 and dicalcium phosphate anhydrous (DCPA:
CaHPOy) and immersing in Na, HPO, 0.8 M solution (pH 8.2) at 37 °C for 72 h [36]. In this
study, the transformation of Ca-O-Ti samples to HA-Ti sample occurred when Ca-O-Ti
samples were immersed in NaHPO,4 2 M solutions at 180 °C for 48 h.

Ca

o)
)

A= W =

(2) Ca(NO,),.4H,0

Ti substrate (1) NaOH 5M 60°C/1h
60°C/24h -O-Ti bonding Ca|cinétion . .
600°C/3h Ca-O-Ti bonding
(3) Na,HPO,
180°C/24h
Hydroxyapatite layer P

B Rl LN

Hydroxyapatite bonding CaP bonding Titan
Titan

Figure 7. Summary layout of HA coating on the surface of Ti substrate by precipitation and hy-
drothermal methods.

In addition, the use of such surface modification treatment on HA-coated Ti can be
used for immediate loading [37], preimplant procedures (such as sinus lifting) [38,39], bone
expansion [40], particular implants [41] or bone grafting [42]. Although this research paper
does not have cell study data at the present time, the literature shows that an HA coating
can improve the cell viability, in particular through stem cell stimulation [43,44]. Moreover,
these HA coating layers can diminish infection and inhibit biofilm information between
the implant site and host tissue, as well as be useful in systemic patients [45,46], to improve
oral hygiene quality in implant maintenance [47]. The HA layer coating with the PO4>~
anion group can easily bond with silver ions for antibacterial exposure, especially in light
of the COVID-19 pandemic, for operative indication post-lockdown [48] or to be used in
association with a laser as dental materials [49].

5. Conclusions

In this study, we reported the fabrication of HA-coated titanium and the effect of
a phosphate solution and hydrothermal treatment condition on the characteristics of
hydroxyapatite-coated titanium substrate. The Ti substrate was coated with a calcium layer,
then immersed in NapHPOy 2 M solution at 180 °C for 48 h to form HA-coated titanium.
The HA-coated titanium sample seems to be a promising implant for medical applications
such as immediate loading, preimplant procedures (such as sinus lifting), bone expansion,
or bone grafting. The HA-coated Ti show the potential to improve the survival and success
of implants placed in regenerated bone. In a future study, in vitro and in vivo analyses will
be conducted to validate the potential medical applications of HA-coated titanium.
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