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Abstract—The results of investigation into the structure and in-vitro dissolution of titanium-oxynitride coat-
ings deposited via reactive magnetron sputtering are presented. Data on the electrostatic and ζ surface poten-
tials enable estimation of their contribution to adsorption processes and coating dissolution in vitro. Sample
cultivation in a solution simulating the composition of the inorganic part of human blood plasma leads to sur-
face mineralization, reduces the value and sign of the surface potential, and alters the surface wettability. The
coating prevents the transition of iron ions into a solution and does not induce the calcification of an artificial
surface.
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INTRODUCTION
The biocompatibility of the surfaces of medical

implants is an urgent problem of medical materials
science. Such a problem is especially critical in vascu-
lar surgery and cardiosurgery because almost 10% of
patients with implants suffer from repeated narrowing
of the blood-vessel lumen near stents. To prevent
adverse organism responses to vascular endoprosthe-
ses, biocompatible coatings are created on their sur-
faces [1–3].

Combined (TiON) films are promising coatings of
coronary stents [4, 5]. Coatings based on titanium
oxides and oxynitrides hamper thrombosis and fibrin-
ogen deposition on stent surfaces [6, 7]. The biological
properties of TiON films can be controlled with the
help of their own structure and chemical composition.
A special role is played by the oxygen–nitrogen ratio of
the coatings. Their bioinertness is regulated by tita-
nium and its oxides, while the nitrogen-oxide mole-
cules of the coatings and/or their precursors deter-
mine their bioactive properties [8].

Such coatings with protective and bioactive poten-
tials can be efficiently deposited via plasma tech-
niques, in particular, magnetron sputtering [9, 10]. In
accordance with film-growth modes, the prepared
coatings can have different properties: from dielectric
(titanium dioxide) to semiconducting (TiON) and
conducting (TiN). When a film possesses dielectric

properties, its surface is charged [11]. The interaction
between an artificial surface and living tissue and
blood depends heavily on the amount and sign of its
charge.

In recent years, great attention has been paid to
research into the electrokinetic characteristics of the
“artificial surface–electrolyte” interaction [12–17].
First of all, this is related to the fact that, in the devel-
opment of biomaterials, knowledge of the surface
charge is of great importance. Moreover, interest in
the study of interactions observed at the artificial-sur-
face–electrolyte interface is associated with the cre-
ation of an electrokinetic analyzer [18, 19] which
enables the fairly simple obtainment of electrokinetic
potentials. The ζ-potential measurement method has
found application in investigating the properties of dif-
ferent materials [13–15]. Changes in the ζ potential
are used to determine the adsorption of proteins (albu-
mins and fibrinogens) from blood plasma on a poly-
mer surface [20]. The ζ potential of mica samples cov-
ered with latex particles was analyzed in [15], the
authors of which determined the ζ potentials of a sub-
strate and particles. It was concluded that the ζ-poten-
tial measurement method is an efficient tool for inves-
tigating colloids and bioparticles. In the case of thin
titanium films, results demonstrating how the proper-
ties and value of their ζ potentials affect protein
adsorption and cell proliferation are reported in [16].
The authors of [17] investigated the electrokinetic
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characteristics of polysulfone membranes immersed
in a sodium-chloride (NaCl) solution at different con-
centrations and pH values. The obtained data made it
possible to determine the following membrane param-
eters: surface charge densities, Gibbs free energies,
and adsorption-center densities on a surface.

A change in the ζ potential plays a decisive role in
the aggregation of blood cells interacting with an arti-
ficial surface [21–23]. At the same time, the streaming
potential of titanium-oxynitride films produced by
means of the magnetron sputtering method and their ζ
potential have never been investigated despite the fact
that the given type of coatings is promising for medical
applications. Moreover, such coatings are widely used
to fabricate vascular endoprostheses (stents) [24–26].

In the context of the foregoing, this work presents
the results of studying the structure and properties of
titanium-oxynitride coatings deposited onto medical-
steel samples via reactive medium-frequency magne-
tron sputtering, the data of research into the electro-
static and ζ surface potentials, and the estimates of
their contribution to adsorption and coating dissolu-
tion processes in vitro.

MATERIALS AND INVESTIGATION 
METHODS

Titanium-oxynitride coatings were formed via
reactive magnetron sputtering by means of a UVN-
200MI medium-frequency magnetron sputtering
setup (Tomsk Polytechnic University, Tomsk) [27].
Oxygen and nitrogen were mixed in different ratios,
and their mixture was used as a plasma-forming and
reactive gas. L316 stainless-steel samples were chosen
as substrates onto which the coatings were deposited.
The deposition process was carried out under the fol-
lowing conditions: the sputtered target material was
titanium; the working-chamber pressure was 0.1 Pa;
the power and current were, respectively, 1 kW and
3 A; the working-gas inflow rate was 5 mL/min; and
the distance between the substrate and the magnetron
was 100 mm. Titanium oxide (TiO2) (sample group I)
was sputtered in an O2 atmosphere. Titanium oxyni-
trides were deposited at different ratios between N2
and O2 mass f low rates in the working environment:
p(O2)/p(N2) = 1/1 (sample group II) and p(O2)/p(N2) =
1/3 (sample group III). The film-deposition modes
were controlled via optical emission spectroscopy by
means of an AvaSpec-3648 spectrometer with a wave-
length range of 200–1000 nm [27]. Optical-spectrum
lines were identified using the NIST atomic spectra
database [28]. During the deposition process, the sub-
strate temperature was 120°С. The synthesized-coat-
ing thicknesses were measured using an Ellips-1891
SAG ellipsometric complex at a fixed light-incidence
angle of 70° and wavelengths of 250–1000 nm. The
coating thicknesses were determined using developed
air–TiO2–substrate and air–TiON–substrate models.

The deposition modes, designations of the samples
under study, and the elemental composition of the sam-
ples are presented in Table 1.

The morphology and elemental composition of the
coatings were investigated by means of an FEI Quanta
400 FEG scanning electron microscope (SEM) with a
built-in energy-dispersive analyzer (Genesis 4000
energy-dispersive X-ray spectroscopy analysis system
with an S-UTW-Si(Li) detector) operating at a high
residual pressure (10–5 Pa). SEM-image analysis, as
well as determination of the linear sizes of the compo-
nents (grains) included in the coatings, was performed
via the linear-intercept method with the help of the
Adobe Photoshop CS3 software package.

X-ray investigations were carried out using a
Bruker D8 Advance diffractometer (CuKα radiation
with λ = 0.15418 nm) in the Bragg–Brentano geome-
try. All coatings were studied under the same condi-
tions, namely, the X-ray tube mode where the voltage
and current are, respectively, 40 kV and 20 mA; the
angles 2θ are 4°–100°; the scanning step is 0.02°; and
the exposure time is 6 s.

To analyze the phase composition of the coatings,
the PDF-4 database of the International Center for
Diffraction Data (ICDD) was employed. The volume
fractions of different phases and coating-lattice
parameters were calculated according to diffraction-
peak characteristics by means of the Powder Cell 2.4
program and the inorganic crystal structure database
(ICSD). The crystallite sizes were determined using
the Scherrer formula [29]:

 (1)

where Dhkl are the crystallite sizes in the directions per-
pendicular to the (hkl) planes, n is the coefficient as a
factor of the particle shape (its value is unity), λ is the
X-ray wavelength, and β is the experimental diffrac-
tion-peak width at half-maximum (in radians). The
relative crystal-lattice strain values were calculated on
the basis of equation [30]:

(2)

where  are the relative lattice microstrains in the
direction perpendicular to the (hkl) plane.

cos ,hklD n= λ β θ

4tan ,d dΔ = β θ

d dΔ

Table 1. Characteristics of the coating samples under study
(according to energy-dispersive analysis data), namely, the
TiO2 (sample group I), the O2 atmosphere, the TiON, and
the ratio between the O2 and N2 mass f low rates in the work-
ing atmosphere: p(O2)/p(N2) = 1/1 (sample group II) and
p(O2)/p(N2) = 1/3 (sample group III)

Sample N, at % O, at % Ti, at %

TiO2 (I) – 84.41 15.59
TiON (II) 5.71 80.27 14.02
TiON (III) 6.16 80.01 13.83



284

JOURNAL OF SURFACE INVESTIGATION. X-RAY, SYNCHROTRON AND NEUTRON TECHNIQUES  Vol. 10  No. 2  2016

PICHUGIN et al.

The coating surface roughness was estimated from
the parameters Ra of vertical profile irregularities with the
help of a Taylor–Hobson (UK) Talysurf 5–120 measur-
ing system. The quantity Ra was found as the arithme-
tic mean deviation of the profile over the 1.5-mm ref-
erence length according to GOST 2789-73.

The electric potential and electric charge density of
the surface of the deposited coatings were measured by
an electrical device capable of recording the electric
fields of weakly charged bodies [8]. This device is
based on the improved Eguchi technique (lifting elec-
trode method) [31]. The charge induced in the mea-
suring electrode located on the coating surface makes
it possible to calculate the surface potential VL [32]:

 (3)

where Cl is the air capacitance between the sample
surface and the measuring electrode, Cin is the input
capacitance of an electrometer-type voltmeter, and Vin
is the potential induced in the measuring electrode.
The device’s linear resolution determined by the mea-
suring-electrode diameter is 5 mm, and the measur-
able potentials vary from tens of millivolts to hundreds
of volts. The insulation resistance of the device input is
no less than 1016 Ω, and the input capacitance is less
than 5 pF, satisfying the requirements to electric-field
measurements in air (GOST 25209–82).

The ζ potential is coupled with the electrokinetic
charge density and defined by the interaction between
the solution and the coating. The ζ potential of a mac-
roscopic surface is experimentally found from the
measured streaming potentials (currents). In this case,
the pressure difference is applied parallel to the coat-
ing surface (tangential mode). The tangential stream-
ing current is measured in a relatively wide slit channel
formed by two identical opposite surfaces. In elec-
trokinetic theory, it is assumed that a cell with opaque
channel walls is used to measure the current and/or

in in(( ) ) ,L l lV C C C V= +

streaming potential. Then, if the channel height hch is
much greater than the Debye length, the known rela-
tionship between the streaming current Is and the ζ
potential is written as [33]

, (4)
where W, L, and hch are, respectively, the width,
length, and height of the channel of the measuring
cell; εr and η are, respectively, the permittivity and
dynamic viscosity of the electrolyte solution; and ΔP is
the pressure difference between the channel ends.

A block diagram of the measuring cell is depicted in
Fig. 1. Two samples were attached to opposite surfaces
of an adjustable gap in the SurPASS analyzer cell. KCl
solution with an initial concentration of 1 mM/L
served as an electrolyte. The electrolyte’s pH value was
varied from 5 to 9 by adding an aqueous KOH solution
(0.1 mol/L). Before measurements, the solution trav-
eled through the channel for a rather long time (as a
rule, 15 min), to attain the equilibrium sample state.
The maximum pressure difference was 400 mbar. In
the used ranges of pressure and cell sizes, the electro-
lyte-solution stream was laminar. Measurements
demonstrated that the electrolyte-stream velocity lin-
early depends on the hydrostatic-pressure difference
and is described by the Hagen–Poiseuille formula
[34]. The streaming potential and current were mea-
sured by means of Ag/AgCl electrodes. To reduce the
electrode polarization, the stream direction was peri-
odically changed. The equipment was described in
detail in [35].

The prepared coatings were dissolved in vitro under
conditions similar to an aseptic inflammation, which
arises usually after implantation and is accompanied
by the congestion of biological f luids in surrounding
tissues. The samples were kept in the f luid simulating
the composition of the inorganic part of human blood
plasma, namely, simulated body fluid (SBF), for
5 weeks. The initial solvent composition corresponded
to that of SBF suggested by T. Kokubo et al. [36].

Under sterile conditions, the sample was inserted
into a hermetically sealed plastic tube with SBF and
cultivated in a thermostat at 37°С. In compliance with
ISO 10 993-5 recommendations, the solvent volume
was chosen to be 4 mL because the sample surface area
was 2 cm2. In the verification procedure, the solvent
was (SBF) not in contact with the samples. 

At the end of each week of cultivation, fresh solu-
tion replaced the old. In the selected samples, the pH
value, including the overall value related to organic
and inorganic ions, and the concentrations of biologi-
cally active sodium, potassium, and calcium ions and
a phosphate ion  were determined using a Kon-
elab 60i (USA) chemical analyzer and Thermo Fisher
Scientific (USA) sets. At time intervals of 3 to 5 weeks
the samples were taken out of tubes and dried at 120°С
for 1 h to record the mass and physical properties of
the coatings. The sample masses were weighed using a

= − ε ε Δ η ζch 0(( ) )s rI Wh P L

3
4(PO )−

Fig. 1. Block diagram of streaming-potential (current)
measurements: 1 are the electrodes, 2 are the samples cov-
ered with TiON, 3 are the sample holders, and ΔP is the
pressure difference between channel ends. 
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GR 202 analytical balance with first-grade accuracy
according to GOST 24104-201 (upon weighing, the
root-mean-square (rms) deviation was 0.023–0.047
mg). The concentrations of dissolved iron ions were
calculated from volt–ampere characteristics [37]. The
obtained data were processed via mathematical statis-
tics.

RESULTS AND DISCUSSION
The structure and topography of the coating sur-

faces are important parameters governing cell adhe-
sion. They exhibit columnar structures under applied
deposition conditions [38]. The SEM images (Fig. 2)
indicate that the coating surfaces have rather complex
reliefs and, moreover, are homogeneous without visi-
ble defects (cracks, pores, and craters). The coating-
structure components are clusters involving small and
identically shaped particles whose sizes are on the
order of several tens of nanometers or more, namely,
agglomerates composed of dome-like fragments
(grains). Individual grains possess a fine structure and
consist of subnanocrystalline columnar components
(substructures) with sizes of several nanometers,
which are perpendicular to the substrate–film inter-
face.

The grain parameters were quantitatively estimated
by analyzing the grain-size distribution [39]. It was
established that, in the case of sample group I
(Fig. 2a), the fragment-size distribution corresponds
to two scale levels, i.e., is bimodal with maxima at 47
and 280 nm (in the ranges of 14–134 and 134–374 nm,
respectively). The average grain size is 115 nm. For
sample group II (Fig. 2b), the distribution is also
bimodal with maxima at 30 and 70 nm. The maxima
conforming to 70 nm is one-seventh that observed at
30 nm. The average grain size is 31 nm. In the case of
sample group III (Fig. 2c), the distribution behaves uni-
modally, and the average particle (grain) size is 28 nm.

Thus, the aforementioned data demonstrate that
the increased partial pressure of nitrogen included in
the reactive gas leads to a change in the size-distribu-
tion function of coating-structure components,

namely, the distribution behavior varies from bimodal
(sample group I) to unimodal (sample group III), as is
shown in Figs. 2a and 2c, respectively. A rise in the
partial pressure of nitrogen stimulates the disintegra-
tion of the coating’s structural components so that
their size decreases from 115 (sample group I) to 28 nm
(sample group III). With increasing partial pressure of
nitrogen, the spherical shape of the coating-structure
components, which corresponds to sample group I
(Fig. 2a) converts to the rod-like or rice-like shape
inherent to sample group III (Fig. 2c). Data on the
elemental composition of coatings grown under differ-
ent conditions, which were obtained from energy-dis-
persive analysis, are summarized in Table 1.

Figure 3a presents the diffraction patterns of TiO2-
and TiON-covered samples, which comprise the
reflections inherent to two modifications of titanium
dioxide (anatase and rutile) and peaks corresponding
to the α-Fe phase with a body-centered cubic lattice
and pertaining to the substrate material.

As was revealed from analysis of the diffraction pat-
terns of the samples with TiO2 and TiON coatings, the
higher nitrogen content alters the diffraction-reflec-
tion intensity (Fig. 3b). Most probably, this is caused
by a change in the phase composition of the coatings.
It was ascertained that, in the case where the coating’s
nitrogen concentration is no more than 5.71 at %, the
volume fractions of anatase and rutile are, respec-
tively, ~60 and only ~30 at % (Table 2). However,
when the coating’s oxygen content reaches 6.16 at %,
the volume fraction of anatase sharply decreases to
~22 at % and, conversely, the volume fraction of rutile
increases to ~68 at %.

Along with changes in the phase composition, it
was established that the reflection width of the sample
coating with 6.16 at % of nitrogen corresponding to the
rutile and anatase phases is several angular degrees
(Fig. 3b), i.e., considerably exceeds the α-Fe-phase
reflection width. There are two reasons for such X-ray
line blurring: small (less than 100 nm) sizes of coher-
ent-scattering regions (CSRs) and crystal-lattice
microdistortions [40]. For the anatase and rutile

Fig. 2. SEM images of the sample surfaces: (a) TiO2 (I), (b) TiON (II), and (c) TiON (III). 

(b)500 nm 500 nm 500 nm(c)(a)
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phases of the samples with TiON coatings and differ-
ent nitrogen concentrations, the measured values of
CSR sizes and microstrains of the first kind (Δd/d) are
listed in Table 2, from which it follows that both rutile
and anatase phases are characterized by small CSR
sizes (D ≤ 15 nm) in titanium-oxide coatings (there is no
nitrogen in the coating composition of sample group I).
After its introduction into the coatings (sample groups II
and III), the CSR sizes decreases to D ≤ 8 nm.

The calculated lattice constants of crystalline
phases demonstrated that the parameters a and c of
the anatase phase decrease and increase, respectively,
with increasing nitrogen concentration in the coating.
At the same time, the rutile phase exhibits the contrary
behavior, namely, a decrease in lattice parameter c is
observed (Table 2). The given change in the parame-
ters is probably due to the fact that nitrogen is incor-
porated into rutile and anatase lattices.

Thus, although the nitrogen concentration
increases both in the reactive-gas atmosphere and in
the coating, the basic crystalline phase of the coating
is titanium dioxide in the form of anatase and rutile.
However, nitrogen embedding into the gas-mixture
composition leads to a large change in the coating
structure, induces variations in the crystal-lattice
parameters, and affects the ratio between the crystal-
line-phase components of the coating and, conse-
quently, CSR sizes.

The electric potential and roughness of the TiO2
and TiON coatings were measured by means of the
technique described above. The roughness Ra of the
formed coatings corresponds to classes 12a and 11c if
the substrate roughness belongs to class 12b. When the
hemocompatibility of a coating is determined, a high
roughness class is a positive characteristic. The rough-
ness, thickness, and electric potential of the TiO2 and
TiON coatings, which were obtained at different par-
tial pressures of oxygen and nitrogen, are presented in
Table 3. According to the presented data, all prepared
TiO2 and TiON coatings possess surfaces with a nega-
tive electric potential. The electric charge of the inves-
tigated coatings is evidence that magnetron-discharge

Fig. 3. (a) Diffraction patterns of TiO2- and TiON-cov-
ered samples with different nitrogen contents and (b) vari-
ations in the intensity of diffraction peaks: (1) TiO2 (I), (2)
TiON (II), and (3) TiON (III). Here, A, R, and Fe desig-
nate anatase, rutile, and iron, respectively. 
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Table 2. Phase compositions, crystal-lattice parameters, average CSR sizes D, and the microstrains of the samples covered
with TiO2 and TiON layers. Data were calculated with the help of the Powder Cell 2.4 program

Coating
Lattice parameters, nm Volume fraction of phase, % Δd/d D, nm

Anatase Rutile Anatase Rutile Anatase Rutile Anatase Rutile

TiO (I)
а = 0.38020 а = 0.45982

60 38 0.0065 0.0061 15 15
с = 0.95485 с = 0.30065

TiON (II)
а = 0.37883 а = 0.45837

58 38 0.0067 0.0061 10  9
с = 0.95627 с = 0.29565

TiON (III)
а = 0.37578 а = 0.45990

22 68 0.0062 0.0058  9  8
с = 0.96790 с = 0.29401
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plasma deposition provides dielectric coatings with
electric properties. In all likelihood, the synthesized
coatings are “technological components” [41]. On
account of sample immersion into a solution, it can be
expected that the medium pH greatly affects the sign
and amount of charge on the obtained coating surfaces
classified as amphoteric oxide layers.

It is evident that negative surface charge conforms
to the requirements imposed on hemocompatible
coatings. This can be attributed to the fact that such a
charge weakens the adhesion of blood cells with a neg-
ative ζ potential to the coatings under study. Moreover,
the negative surface charge determines the active
behavior between the surface and the liquid part of
blood.

Measurements of the water (θw) and glycerol (θg)
contact angles indicate (Table 3) that all formed coat-
ings are hydrophobic. Three competitive processes
govern the interaction of a surface with a solution:
negative surface charges are neutralized because
oppositely charged ions are adsorbed, decreasing the
electrokinetic potential; similarly charged ions
approach a hydrophobic surface, leading to an
increase in the electrokinetic potential; and diffuse
double layers are compressed due to the higher volume
concentration of an electrolyte, which decreases the
electrokinetic potential. The degree of the participa-
tion of each process occurring on the surface deter-
mines the dependence between the electrokinetic
potential and the electrolyte composition.

Figure 4 illustrates variations in the ζ potential of
the oxide coating and oxynitride coatings with differ-
ent compositions versus the medium pH at a tempera-
ture of T = 293 K. The curves shown in Fig. 4 demon-
strate that only sample groups II and III have positive
and negative ζ potentials at a pH lower and greater
than six, respectively. For all synthesized types of coat-
ings (Fig. 4), their values reduce steadily from +20 to
–70 mV as the pH grows from 5 to 9. The ζ potential of
the majority of coatings is negative. In the case of two
types of them prepared in the medium with pH < 6.25,

this quantity is positive. For sample groups I and II, its
value reaches zero if the pH is, respectively, 5.3 and 6.1
(Table 3). These points can be considered isoelectric
points (IEPs). The ζ potential of all types of coatings is
negative at pH 7.

The experimentally observed dependence can be
interpreted using the Gouy–Chapman–Stern model
[42]. From the very beginning, negative charge arises
on the coating surface with the formed chemisorbed
aqueous layer. The positive surface potential can be
caused by its protonation and cation adsorption. At a
high pH level, several factors lead to a negative value of
the ζ potential. First of all, this is related to the fact that
Cl– and OH– anions are adsorbed from the solution.

As was mentioned above, it is expected that the pH
of the environment will have an appreciable influence
on the surface charge of the obtained coatings falling
into the class of amphoteric oxides. Indeed, when the
samples under study are immersed into an electrolyte
(KCl solution), a double electric layer is generated at
the boundary with the surface. The thickness thereof
depends on the interaction between ions and the sur-
face and specifies the ζ potential. In the vicinity of pH
7 which is physiological for blood, all samples possess
negatively charged surfaces (Fig. 4, Table 3).

It should be noted that the ζ potential varies differ-
ently depending on the substrate material used. In the
case of oxides and titanium oxynitrides, the negative
surface charge is neutralized due to potassium-ion
deposition and protonation, as was stated above.
Chlorine anions and hydroxyl groups are adsorbed on
the initially neutral electroconducting steel surface. As
a result, the ζ potential becomes negative and
increases upon an alkaline shift in the solution pH
(Fig. 4). In the primary state, certain steel surface
regions can be positively charged because an oxide
film contains positively charged ions of iron and alloy-
ing metals (chromium and nickel). This can be
explained by the insufficient hemocompatibility of
medical steel [43].

Table 3. Thicknesses L, ζ potentials, roughnesses Ra, electric potentials V, and the contact angles of wettability by water
and glycerol (θw and θg, respectively) of TiO2 and TiON coatings

Sample TiO2 (I) TiON (II) TiON (III)

L, nm 192.7 ± 0.09 175.9 ± 0.12 187.0 ± 0.20

pH (IEP) 5.3 6.1 –

ζ, mV (pH 7) –51 –21 –48

Ra, nm 28.0 25.8 29.5

V, mV –538 ± 30 –806 ± 40 –836 ± 40

Contact angle

Sample L316 substrate TiON (II) TiON (III)

θw, degree 73.7 ± 1.80 105.7 ± 0.9 112.1 ± 1.8

θg, degree 69.0 ± 4.70 98.8 ± 3.3 95.8 ± 10.4
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Figure 4 is evidence that the values and signs of the
ζ potential of all samples are rather close to each other
(in the range from +20 to –70 mV) after their contact
with the electrolyte. This enables us to suppose that,
not only proteins [44], but also water molecules and
electrolyte ions regulate the electrokinetic properties
of implant surfaces by forming a double electric layer
capable of controlling the interaction between the
implant and biological systems. Moreover, the metal
corrosion rate, as well as the diffusion of doping-ele-
ment ions being toxic for living systems into the envi-
ronment [45], is determined by the double electric
layer located at the interphase boundary. However,
stainless steel is assumed to be a biotolerant material.
Coatings based on nitrides and metal oxynitrides have
good prospects for application as the anticorrosive pro-
tective coatings of implants and endoprostheses [46].

In the context of the foregoing discussion, it was
necessary to perform experiments on studying the
physical-chemical characteristics of coatings as a
function of their dissolution in the SBF. Dissolution

data are presented in Table 4. Quantitative chemical
analysis indicates a two- to fivefold increase in the
iron-ion transition from the coating-free steel sub-
strate into the solution over the entire dissolution time.
At the beginning of the third week of dissolution, the
iron content of the solution is eight times greater than
its maximum permissible concentration in water
(0.3 mg/L). In the case of TiO2 (group I) and TiON
(group II, 1/1) coatings, the degree of metal corrosion
was appreciably reduced to the control value (from the
statistical viewpoint) before the third week of dissolu-
tion. The TiON (group III, 1/3) coating improves the
corrosion stability as well. Thus, the deposited coat-
ings substantially reduce the stainless-steel corrosion
rate, thereby decreasing the risk of metallose around
stents after their implantation into blood-vessel
lumens. However, the protective effect of coatings is of
a short-term character, i.e., with time (in our experi-
ment, by the fifth week of dissolution), coatings can be
dissolved so that the substrate becomes uncovered due
to ion processes proceeding in the double electric layer
at the surface–SBF interface.

After the dissolution procedure, the samples were
weighed. As a result, a statistically significant increase
in their mass was revealed (Table 4). This can be asso-
ciated with the fact that ions are precipitated from the
SBF on the sample surfaces. Coating-free samples, as
well as those with oxide coatings, demonstrated the
largest increase. On account of the TiON coatings,
solution-component precipitation on the samples
decreased by a factor of 2.5–5.0.

The question arises as to what is the type of salts
that grows on the sample surface in the SBF. First of
all, this is concerned with calcium precipitations
because implant calcification is extremely undesirable
upon contact with blood [47]. In this context, the ele-
mental composition of the solvent (SBF) was further
investigated in the dynamics of 5-week interaction
with the sample. In addition, special interest must be
devoted to potassium (to interpret the ζ-potential
measurement results), sodium having the maximum
concentration in biological liquids, and inorganic
phosphorus as the source of the potential mineraliza-

Fig. 4. Dependences between the ζ potential of titanium
oxide and oxynitride coatings and the pH value at the tem-
perature T = 293 K: (1) TiO2 (I), (2) TiON (II), (3) TiON
(III), and (4) coating-free steel substrate. 
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Table 4. Iron-ion concentration in the SBF and changes in the sample mass Δm after dissolution over 5 weeks

Sample

Dissolution weeks

1 3 5 5

Total iron concentration in the SBF, mg/L Δm, g

Solvent (control)  0.48 ± 0.2

L316 substrate 1.13 ± 0.10 2.37 ± 0.30 1.21 ± 0.20 0.11 ± 0.02

TiO2 (I) 1.14 ± 0.10 0.80 ± 0.20 2.62 ± 0.40 0.10 ± 0.02

TiON (II) 1.45 ± 0.20 0.85 ± 0.20 2.26 ± 0.40 0.04 ± 0.01

TiON (III) 0.63 ± 0.20 1.90 ± 0.20 2.13 ± 0.50 0.02 ± 0.01
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tion and ossification of implantation zones (in combi-
nation with calcium).

It should be emphasized that the chemical (refer-
ence) composition of the initial SBF solution had no
statistically significant changes during the entire
period of observation (Table 5). This confirms that the
chosen electrolyte is stable (i.e., an ionic composition
is dynamically balanced) if an irritant is lacking.

The samples under test were kept in a solution for
5 weeks. As a result, it was established that the weekly
determined SBF composition remained practically
invariable. Under the condition of contact with the
tested samples, certain decreases in sodium and, to a
lesser extent, potassium (for the TiO2 coating) ion
contents (in the former case, up to 2–3 mM) were
found only after the second week of the experiment
(Table 5). It is clear that, in the interaction with the
SBF (Table 4), the sample masses increase due to ion
deposition from the solution onto the surface. It is per-
tinent to note that the calcium- and phosphorus-ion
contents of the solution remained unchanged. This is

evidence that their role is insignificant during ion
exchange with sample surfaces.

The SEM image of the sample surface without a
coating, which was obtained upon keeping in the SBF
for 5 weeks (Fig. 5a), indicates that crystals (probably
NaCl) are generated within 15–18% of the observa-
tion region. For samples with coatings, the crystalliza-
tion area is 7–11%. When the nitrogen content of the
reactive atmosphere reaches 75% (sample group III,
p(O2)/p(N2) = 1/3), small crystals are formed on the
coating (Fig. 5c). In this case, large crystals are lacking.

According to the data of the energy-dispersive X-ray
spectroscopy of TiON coatings (sample group III,
p(O2)/p(N2) = 1/3), their surface contains coating ele-
ments (Ti, O, and N), as well as Na and Cl, after 5-week
dissolution in the SBF. This confirms that NaCl crys-
tals grow on the surface. Traces of other coating ele-
ments (K, Mg, and Ca), which are included in the
SBF, are not observed in the energy-dispersive spectra
(see, e.g., Fig. 6). Thus, univalent-ion deposition from
the SBF dominates over coating dissolution. Such

Fig. 5. SEM images of the surface of (a) steel, (b) TiO2 (I), and (c) TiON (III) after 5-week dissolution in SBF (black crystals are
inverted images). 
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Table 6. Electrostatic potentials V and water contact angles θw of TiO2 and TiON coatings after 5-week incubation in the SBF

Coating type V, mV θw, degree

before dissolution after SBF before dissolution after SBF

Steel 0 ± 2 244 ± 16 73.7 ± 1.8 48.2 ± 3.1
TiO2 (I) –540 ± 30 17 ± 2 90.0 ± 3.0 39.8 ± 3.5
TiON (II) –810 ± 40 16 ± 2 105.7 ± 0.9 33.4 ± 2.2
TiON (III) –840 ± 40 –49 ± 3 112.0 ± 2.0 43.3 ± 4.5

Table 5. Ion concentrations (mM) in the SBF solution and pH values after 2-week contact with the steel samples covered
with TiO2 or TiON layers

Group K+ Na+ pH Ca2+ Ca (total)

SBF (control) 5.46 ± 0.05 151.8 ± 1.6 7.07 ± 0.06 2.28 ± 0.12 2.39 ± 0.06 0.93 ± 0.01
Steel substrate 5.38 ± 0.08 149.4 ± 1.0 7.10 ± 0.03 2.25 ± 0.04 2.39 ± 0.02 0.93 ± 0.02
TiO2 (I) 5.32 ± 0.04 148.8 ± 0.8 7.08 ± 0.02 2.22 ± 0.04 2.42 ± 0.02 0.93 ± 0.01
TiON (II) 5.42 ± 0.04 150.4 ± 1.8 7.10 ± 0.02 2.28 ± 0.03 2.45 ± 0.02 0.93 ± 0.01
TiON (III) 5.40 ± 0.02 149.8 ± 0.8 7.10 ± 0.02 2.25 ± 0.03 2.45 ± 0.03 0.93 ± 0.01

3
4PO −
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dominance explains an increase in the sample mass
(Table 4).

In compliance with data obtained from energy-dis-
persive analysis of the elemental composition of the
coatings, traces of calcium are lacking (Fig. 6). This is
a positive aspect because the probability that thrombi
are generated and the functional properties of stents
are lost is decreased without calcification of the tested
coatings.

At the same time, since sample surfaces are miner-
alized during their storage in SBF, their physicochem-
ical properties affecting bio- and hemocompatibility
vary greatly, the surface potential decreases, the sur-
face-charge sign is altered, and the surface wettability
varies considerably (Table 6).

From measurements of the water and glycerol con-
tact angles performed in air, it is obvious that all pre-
pared coatings are hydrophobic (Table 6). However,
after the samples were kept in the SBF, their surfaces
become hydrophilic.

CONCLUSIONS
In conformity with the obtained results, the elec-

trostatic surface potential can be varied by controlling
the oxygen and nitrogen contents in the titanium-
oxynitride coating. When samples are kept in the sim-
ulated body f luid, a double electric layer, which regu-
lates ion exchange between an artificial surface and a
solvent under contact with a biological liquid, is
formed on their surfaces. This process is accompanied
not only by corrosion and coating dissolution but also
involves the deposition of sodium and chloride ions
and the formation of NaCl crystals on surfaces. The
coating prevents the transition of iron ions into the
solution during the first and second weeks of dissolu-
tion, thereby reducing the risk of metallose around the
stents after their implantation into blood-vessel

lumens and inhibiting the surface calcification pro-
cess.

According to physical-chemical characteristics and
electrokinetic surface properties, TiON coatings are
biocompatible and require further studies, including
the ascertainment of relations between the electro-
static and electrokinetic potentials. This can stimulate
the development of a technique by which the coating
behavior is predicted upon contact with blood compo-
nents.
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