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Abstract: Hydroxyapatite coatings were deposited for 1, 2, and 3 h on NiTi substrates using plasma-
assisted radio frequency sputtering. The matrix consisted of NiTi B2 and NiTi B19” phases and TipNi,
Ni;Ti, and NisTi3 intermetallic compounds. The surface coating was monoclinic hydroxyapatite.
Increasing the deposition time to 3 h made it possible to form a dense hydroxyapatite layer without
visible defects. The phase contrast maps showed that the coating consisted of round grains of different
fractions, with the smallest grains in the sample deposited for 3 h. The wettability tests showed that
the coating deposited for 3 h had the highest surface energy, reflected in the proliferation density of
the MCF-7 cell line.
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1. Introduction

NiTi-based alloys are widely used for various applications in the medical field such
as dentistry, orthopedics, as parts for artificial organs, etc. [1-3]. The main reasons are
their shape memory and superelasticity effects, along with high corrosion resistance in
the aggressive body environment [4-8]. Large reversible deformation of NiTi alloys up
to 10% results in high fatigue strength of implants subjected to high-cycle dynamic loads.
The corrosion resistance of NiTi alloys increases the service life of implants due to the
presence of a thin electrochemically passive surface titanium oxide layer, which does
not provide good corrosion resistance after long usage of an implant in the human body.
It causes Ni segregation out of the matrix, which is toxic for the organic tissues [4]. It
is necessary to achieve a high level of both bioactivity and bio-inertness and corrosion
resistance in implants; therefore, surface modifications and bioactive coatings are used in
medical materials science.

One of the most popular candidates as a bioactive coating is hydroxyapatite (HAp), in
which the Ca/P molar ratio of 1.67 is considered to be the most stable during healing [9,10].
The advantage of calcium phosphate phases is their structural and compositional similarity
to the mineral compounds of human bones and teeth [10], which significantly increases
the bioactivity of implants coated with calcium phosphates [9,11-13]. There are various
methods of depositing hydroxyapatite on various medical alloys. The most commonly used
are plasma spraying, sol-gel, electrochemical and electrophoretic deposition, micro-arc
oxidation, plasma electrolytic oxidation, and other methods [9-17] with their corresponding
advantages and disadvantages. High variability allows control of coating parameters such
as morphology, thickness, density, Ca/P ratio, crystallinity, wettability, solubility, etc. For
example, different oxidation methods allow the creation of porous coatings. While this
positively affects cell viability, it is not good for the wear resistance of the implants, which
may lead to their failure [18]. Other deposition methods can create dense defect-free
coatings that may have poor adhesion to a substrate. To solve this problem, substrates
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with lattice parameters that closely match the deposited film must be chosen, or additional
treatments or buffer layers must be implemented [11,15,17]. This negatively affects the cost
and labor intensity of the entire process.

Plasma-assisted radio frequency (RF) sputtering is one of the methods used for de-
positing different coatings on metal surfaces [19]. This method makes it possible to obtain
a dense defect-free layer of hydroxyapatite, which has high biocompatibility, and by chang-
ing the deposition parameters, it is possible to control the morphology of the coatings [19].
While it is a promising method, there are not many articles devoted to the deposition of
calcium phosphate on NiTi substrates. This work aims to study the phase composition,
structure, wettability, and cytocompatibility of the Ca-P coatings on NiTi substrates by
varying the modes of plasma-assisted RF sputtering.

2. Materials and Methods

Monolithic plates of polycrystalline NiTi were used as substrates. Plasma-assisted
RF sputtering with a 200 mm diameter calcium phosphate powder target was used for
the deposition of calcium phosphate coatings. The base pressure was 5 x 1073 Pa. Argon
gas was supplied to the sputtering chamber at 0.3 Pa pressure. The plasma generator
was turned on, and a negative bias voltage was applied to the substrate to clean and
activate the surface with argon plasma for 10 min. After surface treatment, the RF generator
connected to the target was turned on to initiate the material sputtering process. The
formation of a coating on the surface of the substrate occurred as a result of applying a
bias voltage. The optimal deposition parameters were 30 A current and 600 W RF power.
The calcium phosphate film deposition rate was 0.5 um/h. The negative bias on the target
was 800-1100 V, which was optimal for sputtering the material, ensuring stable operation
of the plasma generator without damage to the RF input insulators and no overheating
of the target. For further determination of the optimal phase composition and surface
properties, sputtering was carried out for 1, 2, and 3 h at a deposition rate of 0.5 um/h. The
sample number corresponds to the deposition time in hours. These deposition parameters
were chosen because Ni can negatively affect cell proliferation during cultivation. The
increasing deposition time results in a thicker coating, improving the corrosion resistance
and protecting the cells.

The microstructure characterization was carried out using the equipment of Tomsk
Regional Core Shared Research Facilities Center of National Research Tomsk State Univer-
sity, sponsored by the grant of the Ministry of Science and Higher Education of the Russian
Federation No. 075-15-2021-693 (No. 13.RFC.21.0012). An X-ray diffractometer XRD-7000
(Shimadzu, Kyoto, Japan) was used to analyze the phase composition of the coated samples.
The survey was carried out using a Cu anode at a voltage of 30 kV and a current of 30 mA.
The scanning speed was 2 degrees/min. Cu K« radiation was used with the symmetric
geometry of the Bragg—Brentano survey in the standard mode. Qualitative analysis was
performed using the Profex software and two crystallography databases: Crystallography
Open Database and Materials Project.

The surface structure of the samples was examined using scanning electron microscopy
(SEM, Axia ChemiSEM, Thermo Fisher Scientific, Waltham, MA, USA) in the secondary
electron detection mode. EDS was carried out to determine the elemental composition
of the samples’ surface. The measurements were conducted using 10-20 kV accelerating
voltage, 100 mA beam current, 10 Pa vacuum, and 4.5-6 um spot size. The surface wetting
angle was measured with the sessile drop method using an EasyDrop DSA20E instrument
(KRUSS, Hamburg, Germany). Water and diiodomethane were used as test liquids. The
surface free energy was calculated using the Owens, Wendt, Rabel, and Kaelble method.
The contact angle was measured at room temperature. Liquids with known surface energy
and their polar and dispersive parts were used in the experiment.
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Here, og is the surface free energy, ogy, is the interfacial tension, oy, is the surface tension of
the liquid, 0 is the contact angle, oY and of, are dispersive and polar parts of the surface
energy of the solid, and oP and o} are dispersive and polar parts of the surface energy of
the liquid.

Atomic force microscopy in the tapping mode (AFM, NT-MDT, Zelenograd, Russia)
with a SOLVER HV vacuum chamber was used to study the morphology of the coatings.
MCE-7 cells were used to investigate the biocompatibility of the samples. MCF-7 cells were
cultured in a medium consisting of DMEM/F12 (Paneco, Tokyo, Japan) supplemented
with 10% fetal bovine serum, antibiotics (100 U/mL of penicillin and 100 mg/mL of
streptomycin), and 2 mM L-glutamine at 37 °C in a 5% CO, and humid atmosphere. Cells
were incubated for 72 h in 12-well cell culture plates with a medium in each well. The SEM
images were obtained at a low vacuum.

3. Results and Discussion

X-ray diffraction patterns were obtained from three NiTi samples coated with hydrox-
yapatite in Figure 1. Interpretation of X-ray diffraction patterns made it possible to establish
that all samples consisted of the TiNi phase in two crystallographic modifications: cubic
B2 austenite (cod_1100132) and monoclinic B19" martensite (cod_9015813). Secondary in-
termetallic inclusions Tip,Ni (cod_1527848), NizTi (cod_1010452), and NigTiz (cod_2100704)
were also found, which are the result of the technological process of obtaining monolithic
alloys. Monoclinic hydroxyapatite (HAp, mp-721624, a = 9.39 A, b = 6.87 A, ¢ = 2a, and
v =120°) was found on the surfaces of all samples. With an increase in the coating depo-
sition time, the intensity of the HAp diffraction reflections increased, indicating a thicker
surface layer. In addition to reflections corresponding to crystalline HAp, X-ray diffraction
patterns did not reveal reflections related to other calcium phosphates. In hard tissues
such as bones and teeth, the crystal structure of hydroxyapatite is hexagonal with lattice
parametersa =b =9.4 A, c=686 A, and vy = 120° (mp-41472). Monoclinic HAp is more
thermodynamically stable than hexagonal HAp, even at room temperature. However, the
main difference between the forms of HAp lies in the orientation of the hydroxyl groups.

A pronounced splitting of the structural reflection was observed in sample 3 at the
42-42 .5° diffraction angle range, which was not present in the other two samples in Figure 1.
Probably, with an increase in the deposition time, the NisTis reflection began to manifest
itself more clearly, but it was not possible to establish the reason for this. A slight shift of
the high-intensity reflection from the NiTi phase with the B2 austenite structure is worth
noting. The shift is associated with a change in the crystal lattice parameters caused by the
incorporation of coating atoms into the NiTi bec structure. Thus, the XRD method shows
that, with an increase in the deposition time of the coating, the diffraction reflections from
the hkl planes of the HAp become more intense, indicating an increase in the deposited
coating thickness.

The surface of NiTi alloys coated with HAp was studied using scanning electron
microscopy. Samples 1 and 2 had a similar surface morphology in Figures 2 and 3 with
small inclusions up to 2 um in size. Elemental composition analysis showed that the
coatings consisted of calcium, phosphorus, and oxygen. Ti and Ni substrate elements were
also detected since the spectra registration depth reaches 2 um. The detected inclusions
consisted of the Ti, Ni, and O elements. In terms of size and quantity, these inclusions
predominated in sample 1. According to the Ca, P, and O element distribution maps, the
coatings were formed unevenly, and a deposition time of 2 h was not enough to obtain a
dense HAp layer.

The coating on sample 3 was characterized by a uniform dense surface morphology
over the entire area without visible defects, cracks, or chips as seen in Figure 4 in contrast
to the coatings on samples 1 and 2.
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Figure 1. XRD patterns of NiTi samples with hydroxyapatite coatings deposited for 1, 2, and 3 h
(samples 1, 2, and 3).
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Figure 2. (a) SEM image of the NiTi with hydroxyapatite coating deposited for 1 h and elemental
maps of: (b) Ti; (c) Ni; (d) Ca; (e) P; and (f) O.

Quantitative EDS analysis showed a decrease in Ti and Ni content and an increase
in Ca, P, and O content with deposition time in Figure 5. These data were consistent with
the XRD results, according to which the number and intensity of diffraction reflections
increased with deposition time. Quantitative EDS analysis of hydroxyapatite-coated NiTi
samples also suggested an increase in the coating thickness.
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Figure 3. (a) SEM image of the NiTi with hydroxyapatite coating deposited for 2 h and elemental
maps of: (b) Ti; (c) Ni; (d) Ca; (e) P; and (f) O.
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Figure 4. (a) SEM image of the NiTi with hydroxyapatite coating deposited for 3 h and elemental
maps of: (b) Ti; (c) Ni; (d) Ca; (e) P; and (f) O.

Phase images 1 x 1 um? in size were obtained using AFM in Figure 6. Since the
survey was carried out in the tapping mode, the tip of the probe touched the surface during
oscillations. Because of this, it experienced not only the influence of Coulomb forces, but
also adhesive, capillary, and other forces. This caused a phase shift of the oscillations, which
made it possible to obtain phase images showing the differences between the areas of the
surface. The surface of sample 1 showed large gaps at the grain boundaries, confirming the
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SEM data of an uneven coating. With an increase in the deposition time, samples 2 and 3
formed a more uniform coating with many small formations of various shapes ranging in
size from 0.1 pm to 0.2 um.
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Figure 5. Quantitative elemental EDS analysis of NiTi with hydroxyapatite coatings.
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Figure 6. Phase contrast maps obtained using AFM of NiTi with hydroxyapatite coatings deposited
for: (a) 1 h; (b) 2 h; and (c) 3 h.

The contact angle was determined using the sessile drop method, and the surface
free energy was calculated in Figure 7. Sample 1 exhibited a water contact angle of
approximately 56° with a surface free energy of 52 mJ/m?, which predominantly consisted
of a dispersive component. An increase in the deposition time to 2 h contributed to the
formation of a more hydrophobic HAp coating for sample 2 with a wetting angle of 86°,
while the surface energy decreased to 41.39 mJ/m? due to a significant decrease in the polar
energy part to 6.12 mJ/m?. Hydrophobic surfaces are known to exhibit low cell culture
attachment efficiency and a long induction period before cells enter the exponential growth
phase [20]. Sample 3 was characterized by the most hydrophilic surface of all three coatings
with a contact angle of 40.2° and with a maximum surface energy of 57.17 mJ/m? due to an
increase in the polar part to 17.66 mJ/m?.
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Figure 7. (a) Contact angle; (b) surface energy values of NiTi with hydroxyapatite coatings; the
purified water drops on hydroxyapatite coatings deposited for: (c) 1 h; (d) 2 h; and (e) 3 h.

Considering that the ratio between the dispersive and the polar parts of the surface en-
ergy made it possible to predict the adhesion between the two phases, it was concluded that
samples 1 and 3 would have the best adhesion during in vitro biocompatibility tests. This
is because an increase in surface energy—in particular, an increase in the polar component
of the surface energy—has a positive effect on cell adhesion [5]. However, since defects in
the coating were found on the surface of sample 1, which could affect the contact angle and
surface energy, it made sense to consider only sample 3 for in vitro tests. It should be noted
that not only polar groups but also non-polar groups, as well as ligands on the cell surface
and protein secretion, are responsible for the behavior of cells on the surface [21], which
makes it quite difficult to predict the behavior of cells on artificial materials.

Samples 2 and 3 were chosen for in vitro studies since the coating of sample 1 had
pronounced defects. SEM studies after 3-day cultivation of the cells made it possible to
establish their normal morphology in Figure 8. The cells spread across the whole surface of
sample 2. Some of them formed colonies consisting of several cells, but individual cells can
also be seen. After 3 h of deposition, the adhesion of the cells became much better. There
were no areas without the cells, so the calcium phosphate coating on sample 3 positively
affected cell proliferation.

Despite the in vitro tests, one cannot claim that the increase in deposition time allowed
for a boost in the number of viable cells, as some of them could have died. We can only
estimate the level of proliferation, which certainly increased after 3 h of deposition. Other
researchers have provided the results of in vitro experiments and proved that sputtered
hydroxyapatite coatings increase cell viability [22].
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Figure 8. SEM images of hydroxyapatite coatings deposited for (a) 2 h and (b) 3 h after 72 h culture
with MCE-7 cells.

4. Conclusions

Three samples with hydroxyapatite coatings were obtained using plasma-assisted
RF sputtering for different deposition times of 1, 2, and 3 h. It was established using
XRD that a coating of thermodynamically stable monoclinic HAp was formed on all three
samples. The NiTi substrate had a mixed structure. The TiNi phase was in the form of two
crystallographic modifications of B2 austenite and B19” martensite, as well as intermetallic
Ti;Ni, Ni3Ti, and NisTi3 compounds. The structural studies showed that the densest defect-
free coating was formed on sample 3 after 3 h of deposition, and according to EDS data,
calcium, and phosphorus were evenly distributed over the surface. Sample 3 had the most
hydrophilic surface with a contact angle of 40.2° and showed a significantly increased polar
surface energy component of 17.66 mJ/m? and a high total surface energy of 57.17 mJ/m?.
Tests for cytocompatibility in vitro conditions showed that the surface of sample 2 was
filled with cells unevenly, while the coating on sample 3 had a positive effect on adhesion
and proliferative activity. Based on the obtained results, it can be concluded that a 3 h
deposition time is promising for obtaining biocompatible HAp coatings on NiTi.
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