o’ .
veel materials
ve w

Article

Functionalization of the Implant Surface Made of NiTi Shape

Memory Alloy

Karolina Dudek 1'%, Tomasz Goryczka 2{%, Mateusz Dulski ?*, Bronistaw Psiuk 3, Agnieszka Szurko 4

and Zdzistaw Lekston 2

check for
updates

Citation: Dudek, K.; Goryczka, T.;
Dulski, M.; Psiuk, B.; Szurko, A.;
Lekston, Z. Functionalization of the
Implant Surface Made of NiTi Shape
Memory Alloy. Materials 2023, 16,
1609. https://doi.org/10.3390/
ma16041609

Academic Editor: Iulian Vasile

Antoniac

Received: 30 December 2022
Revised: 29 January 2023
Accepted: 13 February 2023
Published: 15 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Center of Refractory Materials, Lukasiewicz Research Network—Institute of Ceramics and Building Materials,
Toszecka 99, 44-100 Gliwice, Poland
Institute of Materials Science, Silesian Center for Education and Interdisciplinary Research, University of
Silesia in Katowice, 75 Pulku Piechoty 1A, 41-500 Chorzow, Poland
3 The “Edith Stein School with Character” Foundation, Baltycka 8, 44-100 Gliwice, Poland
4 A. Chelkowski Institute of Physics, University of Silesia in Katowice, 75 Pulku Piechoty 1A,
41-500 Chorzow, Poland
*  Correspondence: karolina.dudek@icimb.lukasiewicz.gov.pl (K.D.); mateusz.dulski@us.edu.pl (M.D.)

Abstract: To functionalize and improve the biocompatibility of the surface of a medical implant
made of NiTi shape memory alloy and used in practice, a clamp, multifunctional layers composed
of amorphous TiO, interlayer, and a hydroxyapatite coating were produced. Electrophoresis, as
an efficient method of surface modification, resulted in the formation of a uniform coating under
a voltage of 60 V and deposition time of 30 s over the entire volume of the implant. The applied
heat treatment (800 °C/2 h) let toa dense, crack-free, well-adhered HAp coating with a thickness of
ca. 1.5 um. and a high crack resistance to deformation associated with the induction of the shape
memory effect in the in the deformation range similar to the real implant work after implantation.
Moreover, the obtained coating featured a hydrophilic (CA =59.4 £ 0.3°) and high biocompatibility.

Keywords: electrophoretic deposition (EPD); hydroxyapatite (HAp); NiTi shape memory implant;
surface functionalization

1. Introduction

NiTi shape memory alloys (SMA), with a chemical composition similar to the equi-
librium one, have outstanding properties such as one-way- and two-way-shape memory,
superelasticity effects, and acceptable biocompatibility. These properties have made these
materials widely used as implants and surgical tools in medicine, orthodontics, soft tissue
surgery, cardiovascular applications and, in particular, in orthopaedics [1,2].

In order to improve corrosion resistance and biocompatibility, the surface of NiTi shape
memory alloys is modified by applying protective multifunctional ceramics, polymers
or composites layers [1,3-13]. However, the best binding of the metallic implant surface
with the bone tissue is ensured by covering its surface with a coating composed of calcium
phosphates (CaPs). Apatite materials display relatively high biocompatibility, both with
hard and soft tissues. Among the various forms of CaPs ceramics, most attention is
focused on hydroxyapatite (HAp), 3-tricalcium phosphate (3-TCP) and biphasic calcium
phosphates (BCP) [14-16].

Since the structure of the NiTi alloy, and thus its unique properties, are susceptible
to high temperatures, it is crucial to use low-temperature surface modification methods,
such as electrophoretic deposition (EPD). EPD provides the opportunity to control coating
thickness and homogeneity. Electrophoresis is particularly recommended for forming
coatings on substrates with complicated shapes and morphology [17-19], such as implants.
It is also one of the techniques for producing relatively thick hydroxyapatite coatings [20,21].
However, in the case of NiTi alloys, the unique shape memory effect may be limited by too
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thick and/or too rigid coatings. Therefore, it is desirable to modify the surface of the alloy
by forming thin, micro milimeters layers.

However, in the case of electrophoretic deposition of ceramic layers on a metallic
substrate, their heat treatment is necessary. The sintering increases the ceramic coatings’
density and bonding strength to the metallic substrate. According to the literature, hydrox-
yapatite coatings were subjected to heat treatment at temperatures ranging from 800 °C
to 1300 °C for 2 h [18-21]. On the other hand, at high temperatures, the NiTi substrate is
destroyed and loses the unique features of an alloy. Therefore, heat treatment should be
carried out at the lowest possible temperature in this case.

Wettability and chemical composition are other crucial factors when shaping the
implant surface properties. Surface wettability considerably impacts the absorption of
molecules of adhesion-promoting fibroblasts and/or bacteria. It has been confirmed that
hydrophile surfaces have better biological activity in contact with bodily fluids, and, as a
consequence, they ensure better osseointegration [22].

From the point of view of implant acceptance by the human body and metabolic
processes occurring in the surrounding tissues, it is essential also to determine the bio-
compatibility and check whether the modification causes the desired adhesion of cells and
influences their morphology. In the majority of normal body cells, proper adhesion is a
basis for processes such as the movement of cells and intercellular communication. It also
determines the survival of a cell and its proper physiological function [23]. Adhesive pro-
teins regulate cellular processes, such as recognition of specific receptors, immune response
processes (e.g., during inflammation) or apoptosis [24]. Therefore, their malfunction can
contribute to several disturbances in the cell’s functioning and, in consequence, affect the
human organism’s biological response.

There are few reports in the literature on surface modification of specific medical
implants made of NiTi alloy and used in practice. The work is mainly focused on test
samples made of sheet metal or wires. The conditions and parameters of surface mod-
ification processes of such samples cannot be transferred directly to implants of other,
more complex shapes. The present work proposes a way to increase the functionality of a
clamp made of NiTi shape memory alloy. The alloy’s surface was functionalized in two
stages: passivation and hydroxyapatite (Cas(PO4)3OH; HAp) coating formation. The paper
summarizes the outcomes of morphology, topography, structure, and the functionalized
implant’s deformation ability. Moreover, a particular focus was placed on determining the
biological response of the hydroxyapatite coating.

2. Material Preparation and Methods
2.1. Substrate Treatment Procedure

A NiTi clamp with a diameter of 1.2 mm (Figure 1a) and chemical composition of
50.6 at.%. Ni and 49.4 at.% Ti was firstly washed in acetone in an ultrasonic bath to remove
trace amounts of impurities. Then, a cleaned clamp was placed in an autoclave at 134 °C for
30 min to form a corrosion-resistive protect thin amorphous TiO; layer on their surface [4].

2.2. Suspension Preparation and Electrophoretic Deposition

A colloidal solution was prepared in the form of 0.1 wt.% HAp powder (spherical
particles with ca. 100 nm in diameter, structurally with Ca/P = 1.67 and in the crystalline
state; Sigma Aldrich, St. Louis, MO, USA) suspended in 99.8% ethanol (Avantor). Then,
the as-prepared suspension was used in the electrophoretic deposition (EPD). During the
process, a NiTi clamp was a cathode, and platinum was a counter electrode. The deposition
was performed at ambient temperature, with voltage reaching 40, 50, and 60 V for 30 s [6].
After deposition, the surface-modified clamp implants were dried at room temperature
for 24 h and then sintered in a vacuum furnace at 800 °C for 2 h to increase the coating’s
adhesion to the substrate [6].
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Figure 1. Clamp made of NiTi alloy (a) and SEM images of samples coated at: 40 V/30 s (b),
50V /30 s (c) and 60 V/30 s (d,e).

2.3. Coating Characterization

An X'PertPro MPD PANalytical X-ray diffractometer and grazing incidence X-ray
diffraction technique (GIXD) with CuK« radiation were used to determine the structural
properties of the substrate and coat-forming material. The GIXD patterns were measured
at a constant incidence angle of 0.3° at room temperature. A confocal Raman spectrometer
WilTec alpha 300 R equipped with a laser (A = 532 nm, P = 40 mW) and a high sensitivity
back-illuminated Newton-CCD camera was applied to local structural investigation of
the coat-forming materials. As a result, Raman imaging was carried out in a 1600 pm?
area, taking into account 25,600 pixels (=spectra) and an integration time of 60 ms per
spectrum. All the spectra were collected at room temperature using Olympus objective
(100x /0.9 NA), a lateral resolution of 3 cm~1, precision of 1 cm~! and a 1204000 cm 1
range. The data in post-processing analysis were subjected to cosmic ray removal and
baseline correction using WITec Project Four Plus (version 4.1, WITec Wissenschaftliche
Instrumente und Technologie GmbH, Ulm, Germany). A Lorentz-Gauss function is applied
to band fitting using the Grams (version 9.2, Thermo Fisher Scientific, Waltham, MA, USA)
software package.

Before and after the deposition, the materials’ morphology was visualized using a
JEOL JSM-6480 and a TESCAN Mira 3 LMU scanning electron microscope (SEM). Samples
for the NiTi/coating cross-section SEM observations were embedded in graphite resin and
polished with 2000-grit SiC paper, 1-pm diamond suspension, and finally, 0.1-um colloidal
silica suspension, to achieve a mirror finish. Observations were carried out for samples
covered with a 5 nm Cr layer using Quorum Q150T ES equipment. The deformation
ability of the HAp coating was observed using a scanning electron microscope during
the constant clamp deformation. The implant was first immersed in liquid nitrogen to
induce the martensitic transformation and, next, subjected to deformation. After the
implant returned to the initial shape at room temperature, the procedure was repeated.
Measurements of water contact angle were taken with an OCA 15EC goniometer, with
accuracy reaching +0.01°, by the sitting drop method. Ten images of water drop having a
volume of ca 5 puL, placed on the examined surface, were recorded for 10 s. The average
contact angle (CA) values were calculated based on the obtained images. The contact angle
final value was assumed to be the average of three measurements taken in different parts
of the examined surface.
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2.4. Biocompatibility Studies

Biocompatibility studies were performed on normal human dermal fibroblasts (NHDF)
cells after 24, 48, and 72 h. Cytotoxicity was spectrophotometrically measured at absorbance
maximum (A = 490 nm) using an SYNERGY4 multi-dish plate reader (produced by BioTek
Instruments, Winooski, VA, USA). The morphology and adhesion of NHDF cells were
observed after each 24 h of NHDF growth using a fluorescence microscope (Olympus IX81).
The MTS method tested the toxicity of the deposited HAp coating against normal human
dermal fibroblasts. The method involves determining the mitochondrial dehydrogenase
activity level. The number of viable and metabolically active cells was determined using
the MTS assay.

3. Results and Discussion

Before the EPD of hydroxyapatite, the NiTi implant surface was passivated in an
autoclave. As a result of autoclaving, a self-passivating amorphous TiO; layer was obtained
on the surface of the NiTi alloy, which primarily improves the corrosion resistance of the
alloy [8,25-28]. The layer of titanium oxides reached a thickness of approx. 3.5 nm, shows
good adhesion to the metallic substrate, is homogeneous along the entire length and has
the ability to be used in dynamic conditions [6,27,28]. The implant’s surface was next
modified by the deposition of hydroxyapatite using electrophoretic deposition method
(EPD) method.

Microscopic observations showed the influence of the applied deposition parameters
on the layers” quality. The morphology of HAp coatings deposited on the passivated NiTi
clamp is presented in Figure 1b—d. The deposition process carried out at 40 V and 50 V
for 30 s did not provide uniform coverage of the implant surface. HAp particles formed
agglomerates, and the surface between them remained unmodified (Figure 1b,c). In turn,
the use of 60 V and 30 s resulted in the formation of a most promising homogeneous coating
on the entire surface of the clamp (Figure 1d,e). Larger spherical particles were distributed
within the tinier hydroxyapatite ones. In such a coating, larger HAp particles should imply
an increase in coating diversity and roughness.

Phase identification (Figure 2) for the coating electrophoretically formed at 60 V and
30 s proved the formation of hydroxyapatite Ca5(PO,)3OH with a hexagonal crystal system
(P63/m). Diffraction lines belonging to the B2 parent phase of the NiTi alloy with cubic
symmetry (Fd-3m) were also identified.

Counts
p— * NiTi (B2 phase)
e HAp
400
200
0 | | I | I I I
10 20 30 40 50 60 70 80

Position [°26] (Copper (Cu))

Figure 2. XRD pattern measured at the incidence angle of 0.3° for the sample coated at 60 V for 30 s.

At a subsequent stage, heat treatment was applied to increase the ceramic coatings’
density and their bonding strength to the NiTi substrate. According to the literature,
electrophoretically-formed coatings require sintering, which for HAp ranges from 800 °C
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to 1300 °C for 2 h [17-21,29-31]. However, high-temperature annealing causes shrinkage
of the ceramic coating. Therefore, the samples were vacuum-sintered at a lowest reported
temperature of 800 °C for 2 h. As reported in [4], the bonding strength between the
electrophoretically deposited HAp coating on the passivated NiTi substrate and the one
sintered in vacuum at 800 °C for 2 h, as measured by a shear strength test, was found to
be (15.1 £ 1.4) MPa. It accounts for about 40% of the shear strength of the cortical bone
(34 MPa) [32,33].

XRD measurements revealed that the applied heat treatment did not provide for the
decomposition of the HAp. However, new phases in the NiTi substrate were created. The
B2 parent phase of NiTi alloy was partially transformed to R-phase with a rhombohedral
lattice (P-3), and the equilibrium Ti;Ni with a cubic lattice (Fd-3m) was precipitated. The
most important result of the heat treatment was the sintering and consolidation of HAp
particles. In Figure 3b, there are visible spherical forms of HAp with variable sizes and
numerous direct bonds characteristic of a material with a high degree of sintering. The
fine fraction is much more reactive due to the greater development of the specific surface
compared to particles of a larger size, which causes them to sinter first. The applied heat
treatment temperature was close to the hydroxyapatite’s dehydroxylation temperature [34],
which significantly facilitated the sintering process. Moreover, no cracks induced by high-
temperature impact were found.

(a)

Counts
e NiTi (B2 phase
S0 : HAp( phase)
NiTi (R-phase)
600 ® Ti,Ni
400
200
0+ T T T T T T

10 20 30 40 50 60 70 80

Figure 3. XRD patterns measured at the incidence angle of 0.3° (a) and SEM image of the HAp layer
deposited at 60 V/30 s after sintering at 800 °C/2 h (b).

Raman imaging was performed to shed more light on the spatial diversity of the
coat-forming material of a particular volume (globally) and obtain more details in the form
of individual analysis (locally).

Raman imaging analysis with integration over the 1000-900 cm ™! region originating
from the symmetric v{(PO4)>~ modes of HAp visualized a homogenous distribution of
brown and yellow spots (Figure 4a). A brighter signal resulted from hydroxyapatite ag-
glomerates with the size of a few microns. Nevertheless, the chemical image corresponded
very well with SEM observation and electrophoretic assumptions and confirmed HAp
distribution around the entire volume of the coating. On the other hand, the sintering
process modifies the coat-forming materials., including surface morphology, insignificantly.
The Raman signal and band intensity of the v1(PO4)*~ mode of HAp (number of counts
close to ~100 CCD) in comparison with the analyzed surface before and after annealing
found on the same level points to lack of hydroxyapatite decomposition (Figure 4b).

A more detailed analysis of the averaged Raman spectra of many yellow spots pro-
vides a typical hydroxyapatite band arrangement with bands at 970 and 961 cm~!. Their
position and full width at half maximum confirmed the stoichiometric nature of HAp. The
remaining bands in 1190-1020, 635-560, and 450—-400 cm~1 can be ascribed to asymmetric
and deformational vibrations (v3, Vo, v4 modes) of (PO,4)*~. Low frequency bands ranging
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from 350 to 150 cm~! originated from vibrations of entire molecular fragments within
Ca(POy), including O-Ca-O and O-P-O motions. On the other hand, the high-frequency
region was determined by low-intensity bands around 2900 cm ™!, proving the presence
of organic contaminations from the initial material production process, and low-intensity
bands around 3578 cm !, characteristic of OH group vibrations [34-39].

Raman intensity [a.u.] &

< organic contamination

x y T T T T =
9 residues deg d 800°C

organic conamination
- \
500 1000 1500 2000 2500 3000 3500

& Raman shift [cm™]
v, (PO )*

Figure 4. (a) 2D Raman imaging map of the coating before (upper panel) and after (bottom panel) heat
treatment obtained on the basis of an integrated intensity analysis of the band in the 1000-900 cm !
(v1(PO4)37) range. (b) Raman spectra collected on the HAp coating deposited at 40 V/120 s before
and after sintering at 800 °C for 2 h. Yellow and green stars represent exemplary places from which

Raman spectra were exported.

The average Raman spectrum of the sintered sample is closely related to that of un-
heated NiTi alloys. The prominent HAp bands remain unchanged, while in the fingerprint
region, intense and broad bands of the 1550-1280 cm ™! region correlated with the carbon
due to the thermal decomposition of carbon-origin contaminants. Carbon incorporated
into the hydroxyapatite structure isomorphically substituted OH groups primarily. This
process occurred due to high-temperature conditions that induced HAp structure defects
(Figure 4b).

Observations on the cross-sections (Figure 5) revealed that the layer was 1.5 um
thin. SEM images of the analyzed area supported by Ca, P and O distribution maps
showed that the coating adhered very well to the NiTi substrate, without delamination, and
homogenously covered the entire surface of the clamp (Figure 5a). It is worth noting that
the unique shape memory effect may be limited or entirely blocked by too thick and/or too
rigid coatings. Moreover, such coatings cannot deform within a range similar to the shape
memory effects. According to the literature, the resistance to crack and deformation of a
HAp layer obtained using EPD which was ca. 2.4 um thick reached 2.48%, and no layer
spalling was found [4], even at the maximum deformation value ¢ = 3.53%. The coating
formed on the clamp is thinner, which allows us to assume that it will have an even better
deformation ability associated with the shape memory effect.

Thus, the obtained layers were characterized by deformation resistance associated
with the induction of the shape memory effect in the implant (Figure 6a). The deformation
range corresponds to the deformation the implant is subjected to during implantation. First,
the clamp was immersed in liquid nitrogen, and then, after the martensitic transformation,
it was deformed to the form shown in Figure 6a, stage II. After reaching room temperature,
due to the reversible martensitic transformation, the implant returned to its original shape
(Figure 6a, stage III). This proves that there was no plastic deformation of the material
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and that the applied heat treatment did not reduce the shape memory effect. In this
process, part of the clamp was subjected to tensile forces and other parts to compression.
Microscopic observations after one and two deformation cycles revealed that neither tensile
nor compression stresses caused layer delamination or detachment of individual HAp
particles from each other. After the second deformation cycle (Figure 6d,e), only crack
propagation in the layer was observed.

Ca K series

P K series

(b)

L0’ Ni K series Ti K series Topm' O K series

10|.1m 10pm

Figure 5. Cross-sectional SEM image (a) and distribution map of elements from the selected
area (b) for the sample after heat treatment.

10pm

When shaping implant surface properties, one should also consider the wettability
of the surface, which influences their biological activity in the bodily fluid environment
and provides better osseointegration. Wettability of the hydroxyapatite layers revealed
that the contact angle (CA) measured for the deposited coating (Figure 7b), and for the
coating subjected to sintering at 800 °C for 2 h (Figure 7c), reached the following values:
(25.3 £ 0.4)° and (59.4 £ 0.3)°, respectively. The hydrophilicity of the surface is affected
by various functional groups and the topography of the surface. As a result of the applied
heat treatment, some structural changes occurred in the hydroxyapatite layer. One is
incorporating carbon into the hydroxyapatite structure, isomorphically substituted OH
groups, and as a consequence, forming carbonate apatite. According to ref. [40], this process
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was related to the partial dehydroxylation of hydroxyapatite. The change in hydrophilicity
may also be influenced by a change in the surface topography caused by the sintering of
the ceramic particles. However, the obtained results confirmed the beneficial hydrophile
nature of the formed hydroxyapatite layers. The NiTi shape memory alloy also showed
hydrophilic properties compared to coatings. The contact angle showed values higher than
the hydroxyapatite layer after deposition but lower than after heat treatment, and reached
a value of (33.4 4+ 0.5)°.

Xz, Bea 18 5im

»

Figure 6. Clamp deformation (a) and SEM images of the coated clamp surface after the first deforma-
tion cycle (b,c) and after the second cycle (d,e). The surface under tension (b,d) and compression (c,e).

(b) (©)

Figure 7. Image of a drop of water on the surface of NiTi alloy (a), a layer after deposition (b) and
after sintering (c).

Another critical aspect in the case of implants is their biocompatibility. The results
of the MTS assay presented in relation to the control cells growing for 24 h on a standard
Petri dish were treated as 100%. This was separate from the control group and from the
hydroxyapatite coating (Figure 8a). The number of cells growing for 72 h on a standard
Petri dish increased gradually to 180%, while cells growing on the hydroxyapatite coating
reached a new confluence of 40% less than the control cells. After 48 h, the enzyme level
was still comparable to that at the time of seeding, then after 72 h was around 145%. The
alternative approach calculates the abundance of cells growing on the substrate in relation
to corresponding cells from the Petri dish (control group) at each of the tested time points
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(Figure 8b). With the time increase, the cells were observed to stop dividing as intensely as
in the control group. On the hydroxyapatite coating, 100% of living cells were maintained
relative to the control group for 48 h. Then, after 72 h, the inhibition of cells growth
decreased to ca. 70%.

0

200

X

= 150
]
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QL

©o 100
L

>

Y

© 50
c

2

o

© 0
e Control group Hydroxyapatite coating
(b) m24H m48H m72H
— 120
o

& 100
S so
g

° 60
=

S 40
o

o 20
o

1S

- 0
[N

Control group Hydroxyapatite coating

H24H m48H m72H

Figure 8. The fraction of viable NHDF cells growing on standard Petri dishes and on the hydroxya-
patite coating assessed by the MTS assay. The results were calculated on the basis of control cells,
which were grown for 24 h on a standard Petri dish, (a) and on the basis of a comparison between
cells growing on the substrate with corresponding cells from the Petri dish at each of the tested time
points (b).

The morphology and adhesion of NHDF cells were verified by the settlement of cells
on a modified clamp substrate. Outcomes were analyzed with a fluorescence microscope
at subsequent stages of the test.. Both the NHDF cells on Petri dishes (control sample)
and those on the hydroxyapatite coatings showed that even after 24 h, the majority of
cells had a well-developed morphology and were well adhered to the surface (Figure 9).
The degree of their surface coverage increased with time extension and was comparable
in both groups.
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CONTROL CELLS CONTROL CELLS

CELLS ON HAp

CELLS ON HAp

24 hours

Figure 9. Morphology of control NHDF cells grown on standard Petri dishes ((A) magnification
4x, (B) 10x) and on the HAp surface ((C) magnification 10x, (D) 20x) for 24 h; ((E) magnification
4x, (F) 20x) and ((G) magnification 4x, (H) 10x) for 48 h; ((I) magnification 4x, (J) 10x) and
((K) magnification 10, (L) 10x) for 72 h.

4. Conclusions

The paper summarized the approach to hydroxyapatite (HAp) Cas5(PO3)OH coating
formation on the surface of a passivated implant, a clamp made of NiTi shape memory alloy.
Electrophoretic deposition from the colloidal suspension 0.1% wt. HAp powder in 99.8%
ethanol at a voltage of 60 V for 30 s resulted in a thin homogeneous coating covering the
implant’s entire surface. The applied heat treatment (800 °C/2 h) allowed to obtain a dense
and crack-free HAp coating with a thickness of ca. 1.5 um. The heat treatment process
did not change the structure of the hydroxyapatite coating. However, an essential feature
of the coating is its ability to follow shape changes caused by shape memory effects. The
obtained layer revealed crack resistance to deformation associated with the induction of the
shape memory effect in the implant. Neither tensile nor compression stresses caused layer
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delamination. The cells growing on the layer were characterized by high mitochondrial
enzyme activity (the percentage of viable cells was the same as in the control group for
48 h, and slightly lower after 72 h) and excellent adhesion to the substrate.
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