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Abstract: Micro/nano-structured composite coating composed of titanium dioxide (TiO,) and hydroxyapatite (HA) was fabricated on
TA2 pure titanium through synergistic micro-arc oxidation (MAO) and hydrothermal (HT) processing to enhance the corrosion
resistance and biocompatibility of titanium substrates. The surface micromorphology of the coatings was investigated by scanning
electron microscope; the roughness and hydrophilicity of the coatings were investigated by atomic force microscope and water contact
angle, respectively; the corrosion resistance was evaluated by electrochemical impedance spectroscopy and potentiodynamic
polarization tests in simulated human body fluids; the biocompatibility was investigated by in-vitro cell culture experiments. Results
demonstrate that by doping HA into MAO electrolyte, a micrometer-sized coating loaded with nano-HA particles can be obtained, and
then HT treatment can be conducted to obtain the micro/nano-structured composite coating with a HA-containing nanoflake structure.
This micro/nano-structured composite coating possesses good hydrophilicity and fine corrosion resistance. The coating performance
achieves optimal state when the coating is prepared with 3 g/L HA and HT-treated for 6 h. In this case, the water contact angle is as
low as 24.2°, and the polarization resistance is as high as 2.467x10* Q-cm’. In addition, the synergistic effect of nano-HA and micro/
nano-structure on the coating surface greatly promotes the cell proliferation, presenting non-cytotoxic characteristic, and indicating

that the coating possesses good biocompatibility.
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1 Introduction

Titanium and its alloys have emerged as a new generation
of biomedical implant materials due to their excellent

mechanical properties, and non-

[1-4

non-magnetic nature,
toxicity™". Pure titanium possesses the density and elastic
modulus comparable to those of human bone. This similarity
can assist in mitigating the stress concentration generated by
the implant during in-vivo activities, thereby reducing the risk
of bone loss and necrosis due to the stress shielding effect.
However, titanium demonstrates suboptimal biocompatibility
and corrosion resistance in physiological environment.
Titanium is susceptible to body fluids, and the implant

[5-71

materials may move in human body~ “. The fabrication of

functional coatings on pure titanium surfaces can enhance
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their comprehensive properties. Titanium and its alloys have
been extensively investigated as promising candidates for
implant materials due to their favorable mechanical properties
and biocompatibility. However, the insufficient bioactivity,
poor corrosion resistance, and inadequate wear resistance of
titanium and titanium alloy implant materials need to be
solved in clinical applications.

To achieve enhanced medical efficacy, the performance
requirements for biomaterials have become increasingly
stringent. The smooth and non-porous surface of untreated
pure titanium results in its insufficient cell adhesion capacity.
To solve this problem, researchers have used various surface
modification techniques to adjust the surface properties and
chemical structure of titanium implants to improve the
corrosion resistance and biocompatibility, including plasma
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[8-9] [10-11]

spraying” ~, micro-arc oxidation (MAO) , ion implan-
tation!'”, and magnetron sputtering technique™ . Among
them, MAO is regarded as a promising technique for surface
treatment. This method can produce ceramic coatings on
metal surfaces that are micron-sized, porous, rough, and hard,
including titanium, aluminum, magnesium, tantalum, and their

alloys"”. Selvi et al"

prepared a MAO coating with higher
seismic performance on the surface of AZ91 alloy by
optimizing electrolyte composition and electrical parameters.
It is reported that compared with the AZ91 alloy substrate, the
equivalent thermal conductivity of the coating can be reduced
by 30%. Zhu et al'” used MAO technique to prepare a
relatively dense coating on the surface of AZ91D magnesium
alloy, and they found that the denser the MAO ceramic
coating on magnesium alloy, the better the corrosion
resistance.

It has been commonly recognized that the nano-structure
surfaces can improve protein adsorption, consequently
modifying cellular behavior and facilitating the adhesion,
proliferation, and differentiation of osteogenic cells"*".
Although there are many methods for fabricating micro/nano-
structured coating on titanium-based metal surfaces, the
problems of weak bonding strength, equipment complexity,
high cost, and prolonged growth cycles still remain
unresolved. Therefore, selecting a simple and efficient
approach to construct micro/nano-structure on material
surfaces to enhance the biocompatibility has become critically
important. Hydrothermal (HT) treatments are widely used
because they are simple, efficient, and environmentally
friendly, and they can adjust temperature and pressure during

2020 HT method facilitates the formation of a

processing
diverse range of nano-structures, such as nano-protuberances/
particles, nano-rods, and nano-tubes, and it also allows the
doping of various bioactive elements on the surface for the
preparation of multifunctional biomaterials. It is demonstrated
that the nanoscale (<1 pum) particles of coating on the surfaces
of titanium or its alloy can significantly enhance the osteoblast
adhesion™. Therefore, MAO-assisted HT technique has
become a key research focus to construct composite coatings
with  micro/nano-structures and controllable chemical
composition on titanium substrates in the implant field.
Hydroxyapatite (HA), a basic calcium phosphate, is one of
the main components of human bones. It can form chemical
bonds on biological tissues and release harmless ions into the
body, therefore participating in metabolism, helping to repair
damaged tissues, and demonstrating a certain level of

bioactivity. It is demonstrated that HA coating can

significantly reduce the corrosion rate of titanium and its
alloys while exhibiting bone conduction performance™. Li et
al® prepared a HA-doped coating on the surface of AZ31
magnesium alloy by MAO method. The prepared coating
showed a significant enhancement in the proliferation of
MC3T3-E1 cells and presented effectively improved
biocompatibility. Xu et al® fabricated a HA/TiO composite
coating on the surface of titanium alloy using MAO method
and investigated the influence of Ca/P ratio in the electrolyte
on coating performance. The results demonstrated that an
appropriate increase in the Ca/P ratio within the electrolyte
can effectively promote HA formation, thereby enhancing the
corrosion resistance and biological activity of the coating.

In summary, the micro/nano-structures of titanium surface
offer significant advantages in terms of biocompatibility and
corrosion resistance, which can greatly promote the cell
proliferation. Furthermore, the incorporation of nano-HA
particles enhances the cellular activity and further improves
the corrosion resistance of the coating. Currently, Li et al®
have formed a composite coating containing HA on a titanium
surface by MAO coupled with sol-gel method. However, no
further nanoscale treatment has been applied to the coating,
and few studies have explored the bio-coatings containing HA
and possessing the micro/nano-structures. Therefore, in this
research, a composite coating doped with nano-HA particles
of micro/nano-structures was prepared on the pure titanium
surfaces through a two-step MAO-HT process. This process
enhanced the corrosion resistance of titanium and achieved
good porosity of titanium, exerting the synergistic effects of
the micro/nano-structured coatings, and resulting in excellent
cell proliferation. This research provided guidance for the
development of new implant materials.

2 Experiment

The substrate was selected from a wire-cut TA2 pure
titanium metal (Guantai Metal Materials Co., Ltd, China) with
dimension of 25 mmx50 mmx2.5 mm. The chemical
composition of TA2 pure titanium is shown in Table 1, and
Table 2 shows the chemical reagents used in this research.

TA2 pure titanium metal sample (25 mmx50 mmx2.5 mm)
was selected as the substrate. The substrate was sequentially
ground and polished using metallographic abrasive paper of

Table 1 Chemical composition of TA2 pure titanium (wt%)

Ti Fe C N H o
99.29 0.30 0.10 0.05 0.015 0.25

Table 2 Chemical reagents used in this research

Chemical reagent Chemical formula

Purity specification

Manufacturer

Absolute ethanol C,H,OH Analytically pure Sinopharm Chemical Reagent Co., Ltd
Acetone CH,COCH, Analytically pure Chengdu Union Chemical Industry Co., Ltd

Sodium hydroxide NaOH Analytically pure Sinopharm Chemical Reagent Co., Ltd

Sodium tetraborate Na,B,0, Analytically pure Sinopharm Chemical Reagent Co., Ltd

HA Ca,(PO,),OH

Analytically pure

Shanghai Yika Biological Technology Co., Ltd
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200#, 600#, 800#, and 1000# until achieving an oxide-free
mirror finish, followed by ultrasonic cleaning in acetone and
absolute ethanol for 15 min to remove the surface oil
contaminants. Then, the substrate was washed by deionized
water to ensure its readiness for the natural air-drying process.
MAO process used the equipment developed by the
Southwest Institute of Physics of Nuclear Industry (China),
including power supply, stainless steel electrolysis tank, water
cooler, and compressor. The reaction process through the
water cooler was used to control the electrolyte temperature
<25 °C. The experiment was conducted in constant-current
mode with the power supply parameters set at current density
of 16 A/dm* duty cycle of 10%, and frequency of 500 Hz.
MAUO reaction time was maintained at 20 min for all samples.
The electrolyte of 0.15 mol/L NaOH+0.1 mol/L Na,B,0O, was
selected for the doping experiment with nano-HA particles
(particle size of 20—50 nm). The electrolyte was stirred before
the experiment in the numerically control ultrasonic cleaning
machine for 3 h, and continuous stirring was maintained
during the whole MAO process. In constant current mode, the
current density, duty cycle, and frequency were set
to 16 A/dm’, 10%, and 500 Hz, respectively. The reaction time
of MAO was controlled at 20 min. The porous micro/nano-
structured coatings prepared through the aforementioned
electrolyte (0.15 mol/L NaOH+0.1 mol/L Na,B,0,) and nano-
HA (3 g/L) doping were subjected to HT treatment, separately.
Through preliminary exploration, during HT process, the
concentration of NaOH was 0.5 mol/L, the pH value of the
solution was 12.5—13.8, and the reaction temperature was
170 ° C. The coated sample was placed in a HT reaction
container with polytetrafluoroethylene. The reaction container
was heated in an oven at 170 °C for 3, 6, and 12 h. After the
reaction was completed, the reaction container was naturally
cooled to room temperature, and then the sample was taken
out and rinsed with deionized water for natural air drying.

(SEM, ZEISSGemini
SEM300, Germany) was employed to examine the surface

Scanning electron microscope
morphology of the coating with an acceleration voltage of 15
kV and a working distance ranging from 10 mm to 15 mm.
The elemental composition was analyzed using the energy-
dispersive spectrometer (EDS) attached to SEM, operating at
an acceleration voltage of 20 kV. The surface roughness of the
coating was observed using an atomic force microscope
(AFM, Bruker Dimension Icon, Germany) with test area of
1 pmx1 pm. Image J software was used to calculate the
porosity of the coating surface, and the surface of the
randomly selected samples was tested 10 times to obtain the
average result. The phase composition of the coating surface
was analyzed using an X-ray diffraction (XRD) analyzer
(Rigaku Smartlab, Japan) with the following diffraction
conditions: Cu-Ko radiation, operating voltage of 40 kV,
operating current of 40 mA, scanning rate of 2°/min, and 26=
10°-80°.

The contact angle tester (CA, Lauda Scientific LSA100,
Germany) was employed to determine the water contact angle
of the samples. The 2 plL-type water droplet was used. Five

distinct points on the sample surface were chosen for
measurement, and any outliers were excluded before
calculating the average value.

The CS300M electrochemical workstation was employed to
measure the dynamic potential polarization curves of the
samples in Hank’s solution, namely simulated human body
fluid. A three-electrode system was used, where the sample
served as the working electrode, the saturated calomel
electrode served as the reference electrode, and the platinum
electrode (10 mmx10 mm) served as the auxiliary electrode.
The scan rate was set at 0.01 V/s.

Cell viability assays were performed using preosteoblasts
from mouse (MC3T3-E1l). The cell suspension was prepared
at a density of 3x10* cells/em’. Subsequently, the cell
suspension was dispensed into the sample wells, and the
cultures were maintained for 1, 3, and 5 d. After the culture
periods, live/dead staining was conducted, and the stained
cells were observed under a fluorescence microscope (Leica
DM68, Germany). Cell proliferation experiments were
performed using MTT assay. Thiazolyl blue was dissolved in
phosphate-buffered saline with concentration of 1 mg/mL, and
it was added to each culture well. After culture at a constant
temperature for 4 h, 150 pL dimethyl sulfoxide was
introduced into each well and mixed by low-speed shaking for
10 min. After complete dissolution, the absorbance values
were measured and statistically analyzed using an enzyme-
linked immunosorbent assay instrument (DG3022A).

3 Results and Discussion

3.1 Microstructures of MAO coatings

Fig. 1 shows SEM images of the undoped and nano-HA-
doped MAO coatings. Fig. la shows the microstructure of
undoped MAO coating on TA2 pure titanium. No classic
volcanic-pile deposits emerge on the coating surface, because
B,0,” introduced by Na,B,O, in the electrolyte increases the
intensity of the spark discharge, dissolves the majority of the
molten oxides, and generates a porous coating that differs
from the usual crater. The majority of the molten oxides on the
coating surface dissolve, resulting in a porous trabecular bone-
like structure®™”
sized pores, as shown in Fig.le.

Fig. 1b—1d show MAO coatings doped with nano-HA of
different contents in the electrolyte. It can be seen that when
the nano-HA content in MAO electrolyte increases, the
number of connected grooves on the coated surface is

, which is 2 pm in width and has micrometer-

gradually decreased, and the grooves evolve into independent
pore structures. This phenomenon leads to a decrease in the
coating porosity. It is reported that nano-HA particles exhibit
excellent dispersibility in electrolyte solutions and typically
possess charge (28291,
Consequently, during MAO process, nano-HA is adsorbed to

negative  surface characteristics
the anode and deposited into the micropores along with the
spark discharges. As shown in Fig.1e—1h, with the addition of
nano-HA, many prominent micro-particles begin to appear on

the coating surface. When the nano-HA content in MAO
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Fig.1 Low resolution (a—d) and high resolution (e—h) SEM images of undoped (a, e) and nano-HA-doped (b—d, f~h) MAO coatings prepared in
electrolyte containing nano-HA of different contents: (b, f) 1 g/L HA; (c, g) 3 g/L HA; (d, h) 5 g/L HA

electrolyte is 3 g/L, obvious particle deposition can be
observed. When the nano-HA content in MAO electrolyte
further increases to 5 g/L, a large number of particles are
deposited on the pore walls of the coating, and they are
possibly identified as nano-HA particles.

Fig.2 shows SEM image and corresponding EDS element
mapping results as well as EDS spectrum of nano-HA-doped
MAO coating prepared in electrolyte containing 3 g/L nano-
HA. Significantly higher contents of elements Ca and P can be
observed at the hole edges of the coating surface, whereas
those at the pore interiors exhibit relatively lower values. It is
suggested that the nano-HA particles may exist on the
coating surface.

Fig. 3 shows content variations of elements Ca and P in
nano-HA-doped MAO coatings prepared in electrolyte
containing nano-HA of different contents. With the increase in
nano-HA content in the electrolyte, the contents of elements
Ca and P on the coating surface are also gradually increased.
It is inferred that these deposits contain elements Ca and P.

Fig. 4 shows XRD patterns of the nano-HA-doped MAO
coatings prepared in electrolyte containing nano-HA of
different contents. The existence of HA diffraction peaks
further proves that nano-HA-doped MAO coating contains

Intensit:

Intensit

nano-HA particles. Combining EDS results, the elements P
and Ca observed in the micropores of MAO coating are
another proof of the existence of nano-HA particles.
According to Fig.4, the coating is mainly composed of rutile
phase, and anatase phase also exists. The rutile phase contains
a greater number of hydroxyl (-OH) groups, compared with
the anatase phase. The hydroxyl functional groups (Ti-OH and
Si-OH) can effectively enhance the apatite-forming capacity
by attracting the deposition of Ca™ ions on the coating
surface. Consequently, rutile phase with superior osteogenic
performance enhances the biological activity through its
enhanced B9 When the
discharge intensity during MAO is sufficiently high, the

apatite-forming  capability’ arc
anatase phase in the coating is coarsened and irreversibly
transformed into the rutile phase. After adding nano-HA
particles into the electrolyte, when the voltage is reduced,
there is a decrease in the transient temperature near the
discharge channel of coating. This phenomenon leads to a
higher content of residual anatase. Simultaneously, diffraction
peaks of HA can be detected on the coating surface. Owing to
the low deposition concentration, the intensity of HA peaks is
relatively weak.

The detailed composition of nano-HA-doped MAO coating
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Fig.2 SEM image (a) and corresponding EDS element mapping results (b) as well as EDS spectrum (c¢) of nano-HA-doped MAO coating

prepared in electrolyte containing 3 g/L nano-HA
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Fig.3 Content variations of elements Ca and P in nano-HA-doped

MAO coatings prepared in electrolyte containing nano-HA of

different contents

was analyzed by X-ray photoelectron spectroscopy (XPS).
Fig. 5 shows XPS spectra of nano-HA-doped MAO coating
prepared in electrolyte containing 3 g/L nano-HA. It can be
seen that Ti 2p has two characteristic peaks at binding
energies of 458.10 and 464.00 eV, which are related to TiO,.
According to Fig. 5¢, two characteristic peaks at binding
energies of 347.10 and 350.60 eV exist, corresponding to
Ca,(PO,),. Fig.5d shows a characteristic peak at the binding
energy of 132.90 eV, which is related to the metallic
phosphate. Therefore, it is suggested that HA is deposited on
the coating surface in the form of Ca,(PO,),.

In summary, a micron-sized porous coating containing
nano-HA particles was prepared on the surface of TA2 pure
titanium by MAO technique, and the coating holes are
uniformly distributed, showing the trabecular bone-like shape.

#Rutile P
*¢HA

A Anatase
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Fig.4 XRD patterns of nano-HA-doped MAO coatings prepared in

electrolyte containing nano-HA of different contents

Besides, the nano-HA is uniformly distributed around the
discharge holes. With the increase in nano-HA content in the
electrolyte, the number of nano-HA particles attached to the
coating surface is also increased.
3.2 Microstructures of MAO coatings after HT treatment
The surface microstructure of biological implantation
materials has a certain effect on the biological activity of
implants®". Fig. 6 displays the surface morphologies of
undoped and nano-HA-doped MAO coatings prepared in
electrolyte containing 3 g/L nano-HA after HT treatment for
different durations. Fig. 6a,—6f, are magnified images of the
areas marked by red circles in Fig.6a,—6f,, respectively. It can
be seen that after HT treatment for different durations,
nanostructures emerge on the coating surface. Without the
addition of nano-HA particles, the cluster-like structures are
mainly composed of nanosheets, as indicated by the yellow

Ti2p
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Fig.5 XPS spectra of nano-HA-doped MAO coating prepared in electrolyte containing 3 g/L nano-HA: (a) Ti 2p; (b) O 1s; (c) Ca 2p; (d) P 2p
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Coatset and harder nanosheéts

3

Fig.6 Surface morphologies of undoped (a,—a,, b,—b,, ¢,—c,) and nano-HA-doped (d,—d,, e,—e,, f,—f,) MAO coatings prepared in electrolyte
containing 3 g/L nano-HA after HT treatment for 3 h (a,—a,, d,—d;), 6 h (b-b;, e,—¢;), and 12 h (c,—c;, f, 1))

circles marked in Fig. 6a,—6c,. The nanosheets are relatively
thin, and the effect of HT treatment duration has a minimal
impact on the nanosheets. As shown in Fig.6d,, the nanosheets
on the coating surface are concentrated. With the prolongation
of HT treatment duration, these nanosheets on the coating
surface are gradually transformed into coarser and harder
phases, as indicated by the blue circles marked in Fig.6d,—6e,.
However, as shown in Fig.6f,, when HT treatment duration is
prolonged to 12 h, the nanosheets start to collapse and easily
fall off, significantly reducing the coating quality.

Fig.7 illustrates XRD patterns of the nano-HA-doped MAO
coatings prepared in electrolyte containing 3 g/L nano-HA

after HT treatment for 3, 6, and 12 h. It is evident that the
phase composition of the MAO coating barely changes after
HT treatment, and rutile and anatase phases are predominant.
Additionally, the phase structure of coating surface exhibits
minimal variation. This is because the film generated by HT
treatment on MAO coating is relatively thin, and it does not
change the phase structure.

3.3 Variations in porosity of micro/nano-structured

coatings
The surface porosity of different coatings is depicted in
Fig. 8. In Fig. 8, sample A is the undoped MAO coating;
samples B-D are the nano-HA-doped MAO coatings prepared
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Fig.7 XRD patterns of nano-HA-doped MAO coatings prepared in
electrolyte containing 3 g/L nano-HA after HT treatment for 3,
6,and 12 h
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Fig.8 Surface porosity of different MAO coatings

in electrolyte containing 1, 3, and 5 g/L nano-HA,
respectively; samples E—G are the undoped MAO coatings
after HT treatment for 3, 6, and 12 h, respectively; samples
H —J are the nano-HA-doped MAO coatings prepared in
electrolyte containing 3 g/L nano-HA after HT treatment for 3,
6, and 12 h, respectively. It can be seen that the undoped
MAO coating has the highest surface porosity of 36.9%
among all the samples. This is because B,0O,” increases the
intensity of spark discharge and dissolves most of the molten
oxides, resulting in the formation of more surface pores on the
coating with uniform distribution. When the electrolyte
contains 1, 3, and 5 g/L nano-HA, the surface porosity of the
resultant MAO coatings is 34.3%, 32.1%, and 29.6%,
respectively. It is clear that the surface porosity of the coating
shows a slight decrease after the addition of nano-HA
particles. The larger the nano-HA content, the smaller the
surface porosity. This is because during MAO process, nano-
HA is adsorbed onto the anode and subsequently deposited
into the micropores as a result of spark discharge. For the
undoped MAO coatings after HT treatment, the surface
porosity is 26.6%, 23.9%, and 21.2% when the HT treatment
duration is 3, 6, and 12 h, respectively. It can be seen that the
surface porosity of MAO coating significantly reduces after
HT treatment. This is because the generated nanosheets are
distributed on the MAO coating surface, exerting a hole-
sealing effect on the coating surface. The surface porosity of

the nano-HA-doped MAO coatings prepared in electrolyte
containing 3 g/L nano-HA after HT treatment for 3, 6, and 12
his 11.5%, 9.4%, and 8.6%, respectively. The surface porosity
of these MAO coatings is lower than that of all other MAO
coatings. It is speculated that during HT treatment, the doped
HA preferentially forms a nanosheet structure, and it grows
and adsorbs to the coating surface™, therefore reducing the
surface porosity.

3.4 Variations in roughness and hydrophilicity of micro/

nano-structured coatings

The roughness of the coating surface is a crucial evaluation
index for the biological activity of implants. A rougher surface
can offer more anchoring points for cells and promote cell

™1 In serum, the proteins initially adsorbed onto

proliferation
the surface of titanium materials are predominantly albumin
and fibronectin. The amount of these adsorbed proteins is
positively correlated with the surface roughness of the
titanium materials™.

Appropriate implant surface roughness can promote earlier
and stronger bone integration. A rough surface increases the
contact area between the implant and bone tissue, therefore
promoting the inward growth of bone tissue. Moreover,
osteoblasts have better adhesion ability to rough surfaces.
Fig. 9 shows 3D surface profiles (measured by AFM) of
undoped MAO coatings before and after HT treatment for
different durations. The surface roughness (R,) value of
undoped MAO coating before HT treatment is 21.8 nm, and
that of undoped MAO coatings after HT treatment for 3, 6,
and 12 h is 29.0, 30.3, and 40.0 nm, respectively. It can be
inferred that the nanostructures are formed on the surfaces of
all coatings after HT treatment, which improve the surface
roughness of the coating. With the prolongation of HT
treatment duration, the nanostructures on the coating
continuously grow, therefore increasing the surface roughness.

Fig.10 shows 3D surface profiles of nano-HA-doped MAO
coatings prepared in electrolyte containing 3 g/L HA after HT
treatment for 3, 6, and 12 h, whose R, values are 46.9, 52.8,
and 102.1 nm, respectively. With the prolongation of HT
treatment duration, the nanostructures on the coating surface
grow continuously, and the surface roughness is also
increased. However, when the HT treatment duration is
excessively long, the nanostructures may collapse or even fall
off, which can lead to a decline in the coating performance.
The surface roughness of all nano-HA-doped MAO coatings
is higher than that of the undoped coatings. It is demonstrated
that after HT treatment, the nano-HA-doped MAO coatings
exhibit significantly coarser nanostructures on their surfaces.

Fig. 11 shows the water contact angles of different MAO
coatings. In Fig. 11, samples A —C are the undoped MAO
coatings after HT treatment for 3, 6, and 12 h, respectively;
samples D—F are the nano-HA-doped MAO coatings prepared
in electrolyte containing 3 g/L nano-HA after HT treatment for
3, 6, and 12 h, respectively. The hydrophilic properties of the
material are closely related to its microscopic morphology of
surface. It is reported that the surface wettability of the
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Fig.9 3D surface profiles of undoped MAO coatings before (a) and after HT treatment for 3 h (b), 6 h (c), and 12 h (d)
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Fig.10 3D surface profiles of nano-HA-doped MAO coatings prepared in electrolyte containing 3 g/L HA after HT treatment for 3 h (a), 6 h (b),

and 12 h (c)

implant has a significant impact on protein adsorption and
osteoblast attachment. Besides, fibronectin and fibrinogen are
more likely to adsorb on the hydrophilic surfaces, and the
adsorbed proteins lead to an increase in the initial adhesion of
osteoblasts™*?. The water contact angles of the undoped
MADO coatings after HT treatment for 3, 6, and 12 h are 42.5°,
36.5°, and 20.3°, respectively. Notably, the water contact

angles show a gradual reduction with the prolongation of HT

treatment duration, revealing an inverse relationship with the
surface roughness trend. It is known that the rougher the
surface, the better the hydrophilicity. The water contact angles
of the nano-HA-doped MAO coatings prepared in electrolyte
containing 3 g/L nano-HA after HT treatment for 3, 6, and
12 h are 24.7°, 24.2°, and 14.0°, respectively. These nano-HA-
doped MAO coatings exhibit higher surface roughness and
superior hydrophilicity, compared with the abovementioned
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Fig.11 Water contact angles of different MAO coatings

undoped MAO coatings. With the prolongation of HT
treatment duration, the water contact angle is decreased.
Hence, it is demonstrated that the coatings subjected to HT
treatment have better hydrophilicity.

3.5 Corrosion resistance

evolution of micro/nano-

structured coatings in simulated body fluid

Fig. 12 illustrates the polarization curves of the nano-HA-
doped MAO coatings prepared in electrolyte containing 3 g/L
nano-HA after HT treatment for 3, 6, and 12 h. Table 3
presents the fitting results of polarization curves of nano-HA-
doped MAO coatings prepared in electrolyte containing 3 g/L
nano-HA after HT treatment for different durations. The
corrosion potential (£

corr.

) and corrosion current density (/)
were analyzed using the Ec-lab software, and the polarization
resistance (R) was subsequently calculated based on the Stern-
Geary equation. The polarization resistance of the nano-HA-
doped MAO coatings prepared in electrolyte containing 3 g/L
nano-HA after HT treatment for 3, 6, and 12 h is 2.287x10°,
2.467x10°, and 2.290x10* Q -cm’, respectively. With the
prolongation of HT treatment duration, the polarization
resistance is initially increased and then decreased. This result
indicates that the corrosion resistance of the coatings is firstly
improved and then degraded.

The addition of nano-HA to the electrolyte can enhance the
current density. The uniformly dispersed nano-HA particles
enable more solutes to participate in MAO reaction and
deposit on the coating surface, leading to the increase in
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Fig.12 Polarization curves of nano-HA-doped MAO coatings
prepared in electrolyte containing 3 g/L nano-HA after HT

treatment for 3, 6, and 12 h

Table 3 Fitting results of polarization curves of nano-HA-doped
MAO coatings prepared in electrolyte containing 3 g/L

nano-HA after HT treatment for different durations

I_/x107  Polarization resistance,
Duration/h E /N o , R
A-cm” Rp/X 10" Q-cm
3 -0.6029 1.68 2.287
6 -0.6266 1.82 2.467
12 -0.6661 1.99 2.290

coating roughness. The nano-HA particles deposited on the
coating surface can enhance the corrosion resistance. To
further confirm the impact of micro/nano-structure on the
corrosion resistance of MAO coatings, electrochemical
impedance spectroscopy (EIS) was used for analysis.

Fig.13 shows EIS results of nano-HA-doped MAO coatings
prepared in electrolyte containing 3 g/L nano-HA after HT
treatment for 3, 6, and 12 h. Gupta et al®” found a direct
relationship between electric arc radius and corrosion rate in
the Nyquist diagram. With the prolongation of HT treatment
duration from 3 h to 6 h, both the arc radius of the capacitive
resistance and the impedance (denoted by |Z]) are increased.
This result indicates an enhanced corrosion resistance of the
coating. However, when the HT treatment duration is 12 h, the
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Fig.13 EIS results of nano-HA-doped MAO coatings prepared in electrolyte containing 3 g/ nano-HA after HT treatment for 3, 6, and 12 h:

(a) =Z" vs. Z'; (b) phase angle vs. frequency; (c) |Z| vs. frequency
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coating clusters become coarser and larger, and partial regions
of the coatings even suffer collapse, leading to a substantial
reduction in the corrosion resistance of the micro/nano-
structured coating.
3.6 Cytocompatibility evaluation of  micro/nano-
structured coatings

The use of cell live-dead staining is a very intuitive method
to determine the cell survival, and it is currently a common
experimental method for detecting toxicity. Fig. 14 shows the
fluorescent staining images of MC3T3-E1l cells cultured on
different MAO coatings for 1, 3, and 5 d. It can be seen that
after cell culture for 1 d, cells on coating surfaces show
excellent spreading phenomenon. Some cells already present
filopodia character and extend further into the surrounding
regions. Compared with the MAO coatings before HT
treatment, the micro/nano-structured surfaces of the MAO
coatings after HT treatment provide more anchoring points for
the cells, promoting the cell diffusion. HA can participate in
bone mineralization, thus promoting bone integration of
implants and natural bone®™. It is demonstrated that elevated
concentrations of calcium ions on the coating surface result in
a substantial upregulation of a5f1 integrin, which is closely
associated with the matrix adhesion and cell activation. This
integrin can mediate cell-substrate adhesion through binding
with fibronectin. This process also generates intracellular
signals that lead to an increase in cell proliferation™®*". Cell
spreading is improved in the nano-HA-doped MAO coatings,
compared with the undoped ones, and the number of cells is
also increased after culture for 3 d. After HT treatment, the
number of cells is greatly increased, compared with that on
the MAO coating before HT treatment. After culture for 5 d,
the cells spread over the entire surface of all MAO coatings.
The bioactivity of the surface of all MAO coatings is

markedly superior, particularly for the nano-HA-doped MAO
coatings after HT treatment.

Fig. 15 shows MTT results of MC3T3-E1 cells cultured on
the surface of different MAO coatings for 1, 3, and 5 d. In
Fig. 15, sample A is the undoped MAO coating; sample B is
nano-HA-doped MAO
containing 3 g/L nano-HA; sample C is undoped MAO

coating prepared in electrolyte
coating after HT treatment; sample D is the nano-HA-doped
MAO coating prepared in electrolyte containing 3 g/L nano-
HA after HT treatment. The results show a significant upward
trend in the number of cells on all coating surfaces with the
prolongation of culture time, indicating that all MAO coating
surfaces demonstrate excellent cytocompatibility. After culture
for 1, 3, and 5 d, the nano-HA-doped MAO coating
demonstrates significantly higher cell density, compared with
the undoped MAO coating. In addition, the cell density
becomes even higher on both MAO coatings after HT
treatment. This phenomenon shows that the nano-HA-doped
MAO coating exhibits higher biocompatibility in comparison
with undoped MAO coating. Additionally, the cell
proliferation ability can be further improved by HT treatment.
This conclusion is in alignment with the results of cell live-
dead staining analysis.

4 Analysis

The application of titanium and its alloys as biomedical
implant materials still faces the following challenges in
practical use: (1) insufficient bioactivity; (2) inadequate
corrosion resistance. Therefore, the surface modification of
titanium alloy biomaterials to obtain antibacterial property
while enhancing cellular proliferation ability has become a
key focus of current research. Introducing composite
structures and bioactive elements to titanium implants is an

Fig.14 Fluorescent staining images of MC3T3-E1 cells cultured on different MAO coatings for 1 d (a—d), 3 d (e-h), and 5 d (i-1): (a, e, i) undoped
MAO coating; (b, f, j) nano-HA-doped MAO coating prepared in electrolyte containing 3 g/L nano-HA; (c, g, k) undoped MAO coating

after HT treatment; (d, h, 1) nano-HA-doped MAO coating prepared in electrolyte containing 3 g/L nano-HA after HT treatment
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Fig.15 MTT results of MC3T3-E1 cell proliferation on different
MAO coating surfaces (*: p<0.05)

effective method to improve osseointegration effect between
bone and implants™".

In Ref. [42 —43], plasma spraying technique was used to
prepare HA-containing composite coatings on titanium
surfaces, demonstrating favorable biocompatibility. However,
due to the high temperature and rapid cooling rate in the
process, phase transformation may occur during spraying, and
the bonding strength is insufficient. Therefore, it is necessary
to select an appropriate powder mixture and specific heat
treatment. Studies have shown that MAO coatings doped with
metal ions have Dbetter bioactivity
performance, and in-situ grown ceramic coatings demonstrate
strong adhesion to the substrate. However, it is crucial to
control and balance the doping content to ensure the
biocompatibility and overall safety™ ™. The HA doping
process combined with the HT treatment can construct a
micro/nano-structured MAO coating with high hydrophilicity,
good biocompatibility, and high bonding strength on the
surface of pure titanium.

and antibacterial

As shown in Fig. 16, the micro/nano-structured composite
coating can be prepared by HT treatment of undoped and
nano-HA-doped MAO coatings. After nano-HA doping and
HT treatment, numerous densely-aggregated nanosheet-like
structures emerge on the coating surface. With the
prolongation of HT treatment duration, the nanosheets are
concentrated on the surface, and this change is more
pronounced on the nano-HA-doped MAO coating. When the

TA2 pure titanium

Nano-HA
\ MAO/HA coating

MAO coating

HT treatment duration is 6 h, the nanostructures of the coating
are transformed from nanosheet-like to nanocluster-like
morphology, accompanied by the increase in surface
roughness. However, when the HT treatment duration is
prolonged to 12 h, the nano-lamellar structure begins to
collapse and exhibits easy detachment, indicating a significant
deterioration in coating quality. It is evident that the
introduction of nano-HA can facilitate the formation of micro/
nano-structures. Moreover, under appropriate HT temperature
and duration conditions, it can further refine the micro/nano-
structures of the coating surface.

Jin et al*” prepared superhydrophilic Mg(OH), films on
AZ31B magnesium alloy substrate through HT treatment.
They proposed that the flake Mg(OH), surface was enriched
with abundant hydroxyl groups (-OH), which endowed the
film with superhydrophilic properties. With the prolongation
of HT treatment duration, the aggregation of nanosheets in the
HA-doped MAO coating significantly improves the surface
roughness. Consequently, the surface roughness of the HT-
treated HA-doped MAO coating rises from 21.8 nm (the
surface roughness of the untreated MAO coating) to 102.1
nm, representing an approximately fivefold increase. This
result also leads to a reduction in the water contact angle of
the coating from 42.5° to 14.0°, which is likely due to the
increased water-holding capacity of the rough and porous
surfaces. Hydrophilicity is critical for the biocompatibility of
bone-tissue implants, as it influences cell attachment and
growth™. As shown in Fig.11, the excellent hydrophilicity of
the nano-HA-doped MAO coatings after HT treatment can be
attributed to the presence of -OH groups, which can be
identified through XPS analysis results (Fig.5). HT treatment
forms a large number of nanoflake structures on the MAO
coatings, increasing the contact area at the solid-liquid
interface  and properties.
Additionally, the larger surface roughness of the coating will
further promote the hydrophilic performance due to capillary
adsorption™®’. These results suggest that the construction of
micro/nano-structures may serve as an effective method to
promote cell adhesion and growth.

Cytotoxicity assays and MC3T3-E1 cell proliferation tests
demonstrate that the nano-HA-doped MAO coatings after HT
treatment on titanium surfaces exhibit no cytotoxicity.

enhancing the hydrophilic

HT %’iagﬂ;

VA
Nanosheet

MAO/HA/HT coating

Fig.16 Preparation mechanism of micro/nano-structured composite coatings
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Furthermore, the cellular bioactivity is significantly enhanced
with the addition of nano-HA. Significant enhancement in
both cell population density and number can be observed for
all the nano-HA-doped or HT-treated MAO coatings,
compared with the undoped MAO coating. Notably, HT-
treated coatings exhibit higher cell numbers and density by
more than two orders of magnitude, compared with their non-
HT-treated counterparts. Thus, the optimal biocompatibility is
achieved for the nano-HA-doped MAO after HT treatment
(micro/nano-structured composite coating). This phenomenon
may be attributed to the characteristics of the micro/nano-
structures: the channels formed by the micro/nano-structures
are more suitable for the adhesion and growth of cells™.
Simultaneously, the micro/nano-structured coatings containing
nano-HA demonstrate stronger biocompatibility, compared
with the ones without nano-HA doping. This is because HA
has good bioactivity, which can participate in the in-vivo
metabolic process, facilitate the repair of damaged tissues, and
promote the protein adsorption on the coating surface.
Besides, the incorporation of nano-HA can increase the
surface area of the coating, providing more space for cell
growth and further facilitating cellular adhesion and
permeation. More importantly, the nano-HA doped into the
MAO coating promotes the growth of nanosheets generated
by HT, but the precise growth mechanism remains unclear.

Shi et al® studied the synergistic effect of micro/nano-
structures and Cu*-doped HA particles on the osteoblast
viability and antibacterial activity. They fabricated Cu**-doped
HA with micro/nano-structures via HT method. That micro/
nano-structure exerts better hydrophilicity and concurrently
promotes the adhesion, proliferation, and osteogenic
differentiation of RCOs. The research indicates that the micro/
nano-structure facilitates protein interaction and may promote
osteoblast adhesion. Furthermore, the HA-containing micro/
nano-structured ceramic coating enhances the cell activity
through the activation of integrin signaling pathways, such as
extracellular signal-regulated kinases. Xu et al™ prepared TiO,-
HA coating on ultrafine pure titanium by combining MAO and
HT treatment. The results show that the synergistic effect of the
micro/nano-structures and HA plays an effective role in the
adhesion, proliferation, and differentiation of osteoblasts.

Hence, it can be inferred that the synergistic effect of the
micro/nano-structures (microscale pores with nanosheets) and
nano-HA doping can improve the cellular proliferation on the
coating surface. Consequently, excellent biocompatibility for
cellular activities can be achieved on the titanium alloy
surface.

5 Conclusions

1) The undoped MAO coating presents a trabecular bone-
like porous structure. After incorporating nano-HA into the
electrolyte, nano-HA 1is deposited around the discharge
channels, and the doped coating is predominantly composed
of rutile TiO,. HA can be formed on the coatings, and the
larger the HA doping content, the more the nano-HA formed
on MAO coating.

2) HT treatment facilitates the formation of nanoflake
structures on the coating surface. With the prolongation of HT
treatment duration, the clusters of the coating are gradually
coarsened. However, excessively prolonged HT treatment
duration may lead to collapse or fall off of the coating. The
micro/nano-structured nano-HA-doped MAO coating after HT
treatment exhibits larger particle size, increased surface
roughness, and enhanced hydrophilicity. The film generated
by HT treatment remains relatively thin and cannot change the
phase composition of the coating.

3) The micro/nano-structured coatings fabricated on the
TA2 pure titanium surface exhibit excellent cell spreading
effect and proliferation performance without cytotoxicity. In
addition, the synergistic effect of nano-HA and micro/nano-
structures on the coating surface greatly promotes the cell
proliferation, presenting non-cytotoxic characteristic, and
indicating that the coating possesses good biocompatibility.

4) The coating performance achieves optimal state when the
MAO coating is prepared with 3 g/ HA and HT-treated for
6 h. In this case, the water contact angle is as low as 24.2°,
and the polarization resistance is as high as 2.467x10* Q-cm’.
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ATk AR R BB A B AN EE S HELE IR ER
& S RE

o, XREE, S, RERA, MR
(PR MU RSB, Wimd P 421001)

O EUMIEL (MAO) K (HT) HARTE TA2 Zigk R 6% 7 — Al th bk (Tio) FFRIEEE KA (HA) ARy 4K
GERISEEWRIE, DABR AR 6 e RE R A A 8 M o S R T AR IR AL T R B R TR SR R T B . K A
PRIC T 1R 2 DORIRE B RS/ e s ZERABUA A A Pt ri A2 BEL BT VS A 8l SR AL PG T 3 2 (T S e s Sl e M ff 33 57 5
T T AR A . SRR, @ YE MAO HUR B K HA, AT LR Ak HA BRI ORI 2, B T HT b3, wf
DASRTF BB AR IR & HATRUAPKR R AR E . VNG E AR E B4 RIFIISEKERMm ik Ge . 97 MAO BRI 5
%3 g/L HA 3 HT 4L FE 6 h it #I/5 H0 iR 2 e e e, /K%M M o 24.20, R4k FLFH B KON 2.467x10° Q-em®s BEAL, 2 3R ALK HA FI
AN SR P FRIE OB 7 4N M5, B EANe s e, UL B4 BT AR 25 1
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