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Abstract: The bioadhesion of bacteria to the surface of samples with Ti–TiN, Zr–ZrN, Zr–(Zr, Nb)N,
and Zr–(Zr, Hf)N coatings was studied via incubation with gram-positive strains of Staphylococcus
aureus. The samples were kept at 25 ◦C for 30 days in a 3% NaCl solution. The deposition of coatings
slows, whereas oxidation processes intensify. The oxygen content on the TiN and (Zr, Nb)N coating
surfaces was higher than that of the Ti sample without a coating. Samples with ZrN and, especially,
(Zr, Hf)N coatings resist oxidation better. Regarding bioactivity toward S. aureus, the highest density
of biological forms was observed on the surfaces of TiN and (Zr, Hf)N coatings. The lowest density
was on the surfaces of uncoated, ZrN-coated, and (Zr, Nb)N-coated samples. On Ti–TiN, Zr–ZrN, and
Zr–(Zr, Nb)N coatings, the formation of surface biostructures of a filamentary type was observed. In
the uncoated sample, the biostructures have an island character, and in the sample with a Zr–(Zr, Hf)N
coating, the formation of extensive areas of biostructures was observed. Between the biostructures
and coating, a layer 5 to 15 nm thick was observed, presumably associated with bacterial adhesion.
The presence of biostructures on the coating surface can activate or slow oxidation processes.

Keywords: bioadhesion; nitride coatings; corrosion resistance; biocompatibility; titanium alloy

1. Introduction

Biocompatibility is defined as the ability of an object to interact with biological sys-
tems without causing harm or undesirable reactions [1]. Nonetheless, one object can
simultaneously interact with different biological systems, affecting them differently. For
example, a medical implant simultaneously interacts with living tissues of the body and
with pathogenic bacteria entering a wound. Accordingly, this object should be maximally
biocompatible with the first system and, if possible, suppress the second system. When test-
ing medical devices that function in the human body, the devices must have no or minimal
toxic, allergic, or immunological reactions with respect to tissues or body fluids [2–5].

Among the materials used to produce implants and products functioning in the
human body, titanium (Ti) alloys occupy an increasing market share due to their excellent
biocompatibility, strength/specific gravity ratio, fatigue strength, and high anti-corrosion
properties [1,6]. Of all Ti alloys, the most widely used at present is the Ti–6Al–4V alloy
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(other designations, with a slight change in the range of element content, are VT6, TC4,
Ti64, and ASTM Grade 5) [1,6–9]. This alloy is an α–β alloy with high strength and good
corrosion resistance. In addition to Ti, this alloy contains about 6% aluminum (Al), 4%
vanadium (V) (as a β-phase stabilizer), and a small amount of other alloy components, such
as iron (Fe), zirconium (Zr), molybdenum (Mo), niobium (Nb), and tantalum (Ta) [10,11].
Despite the advantages of this material, the inclusion of V and Al creates problems due
to their toxicity due to the leaching of free ions into the human body [1]. Thus, several
studies [12,13] have demonstrated that V and Al in alloys have a toxic effect on biological
objects and can lead to long-term health problems, such as neurological diseases and
Alzheimer’s disease [14–17]. Moreover, Al and Fe (although not toxic elements) lead to
the formation of a connective tissue layer (fibrous tissue) around an implant and cause
significant tissue contamination, a sign of insufficient bio-inertness of the metal [18,19].

Thus, several requirements, which are often difficult to combine, are imposed on the
material of medical implants:

• High strength (primarily compression and bending), including fatigue strength;
• High corrosion resistance (including resistance to aggressive acidic and alkaline envi-

ronments and electrolytic effects);
• Biocompatibility, implying biological inertness and the suppression of undesirable

consequences (inflammatory processes, fibrous tissue formation, metallosis, etc.).
Ideally, the implant material should prevent the attachment of harmful bacteria (i.e.,
prevent the formation of biofilm [20,21]) while promoting the attachment of protein
and osteoblasts for successful osseointegration [22,23];

• Acceptable cost.

The Ti–6Al–4V alloy under consideration does not fully satisfy all these requirements.
In addition to the undesirable and even dangerous effects of V and Al on the body, Ti is a
very active element, and its inertness is due only to the fact that a strong TiO2 film sponta-
neously forms on its surface, which is a barrier between the Ti substrate and environment.
If this film is destroyed (e.g., via mechanical action, the influence of electrolytic processes,
or the influence of acidic and alkaline environments), Ti begins to actively interact with
environmental elements, which can lead to undesirable consequences.

An effective method to eliminate these problems and improve the performance prop-
erties of medical products comprising Ti alloys is applying special modifying coatings.
Currently, coatings of various compositions and deposition methods are applied for this
purpose, including the deposition of alkaline coatings using electrochemical, hydrother-
mal, or mixed processes [23]. These coatings create conditions for the better formation of
reticular apatite and stimulation of bone tissue growth. The biphasic calcium phosphate
(BCP)/TiO2 coating obtained using the sol-gel method provides bioactivity, especially for
bone tissue [24]. Deposition of Ta coatings on a Ti alloy substrate increases biocompati-
bility due to its noncytotoxicity in a physiological environment [25]. After applying a Ta
coating, a six-fold higher osteoblast response was observed compared to an uncoated Ti
substrate [26].

Recently, nitride coatings with various compositions have also been widely used for
these purposes. The deposition of a TiN coating provides strong alkaline phosphatase
activity with weak tartrate-resistant acid phosphatase activity [27]. The reduced presence
of macrophages was observed at the implantation site. Implants with this coating have
good biocompatibility and osseointegration.

The deposition of TiN and ZrN coatings improves biocompatibility, corrosion resis-
tance, and degradation resistance [28]. This improvement has partly been confirmed by
studies [29] in which products with TiN, ZrN, and DLC coatings demonstrated no in-
flammatory reactions or necrotic foci associated with the introduction of the implant. In
addition, hemolysis tests assessing the chemical compatibility of coating samples with
TiN and ZrN with blood exhibited no hemolytic activity. The genetic Ames test assessing
mutagenic potential confirmed the clinical safety of all studied samples [30]. For all tested
bacterial strains, the ZrN-coated sample displayed a higher percentage of dead bacteria
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than other samples. A comparison of the properties of TiN- and ZrN-coated samples found
higher cell colonization in the TiN-coated sample [31]. The deposition of the ZrN coating
on the Ti–6Al–4V sample provided good corrosion resistance when exposed to saline, and
it reduced the bioadhesion of Staphylococcus aureus bacteria [32].

Comparative studies of the anticorrosive properties of the Cr–CrN, Ti–TiN, Zr–ZrN,
and Mo–MoN coatings [33] also found a noticeable advantage of the sample with the Zr–
ZrN coating. Regarding the corrosion resistance of the TiN, ZrN, CrN/TiN, and CrN/ZrN
coatings [34], samples with the ZrN and CrN/ZrN coatings demonstrated better corrosion
resistance in a 3.5 wt.% sodium chloride (NaCl) solution and provided better biocompatibil-
ity and the efficient deposition of hydroxyapatite. An additional increase in the corrosion
resistance of the ZrN/CrN coating is possible by increasing the number of binary layers
in its structure [35]. The effectiveness of using multilayer CrN/TiN coatings to increase
corrosion resistance was also confirmed [36]. A comparison of the corrosion resistance
of the bilayer ZrN/CrN coating and monolayer CrN coating in a 3.5 wt.% NaCl solution
found that the corrosion potential of the ZrN/CrN coating shifted higher and that the
corrosion current density decreased compared to a single-layer CrN coating, a sign of better
corrosion resistance [37]. Depositing Zr/ZrN and TiN/ZrN coatings noticeably increased
corrosion resistance [38].

The properties of the Zr, ZrN, and ZrN/Zr coatings were investigated in simulated
physiological environments [39], where the ZrN coating has the least tendency to corrode
because additional energy is required to overcome the gap between the valence and con-
duction bands. The synergistic behavior in the ZrN/Zr bilayer offers a further increase in
corrosion resistance.

A comparison of the anticorrosive properties of ZrN and tetrahedral amorphous
carbon (ta-C) coatings [40] revealed that the ZrN-coated sample has better adhesion of the
coating to the substrate and better corrosion resistance, microhardness, and wettability.
However, the ta-C-coated sample provided better viability of E. coli and S. aureus cells.

The deposition of a (Zr, Si)N coating on a Ti alloy sample improved the albumin
absorption and inhibited platelet adhesion. This result is beneficial in terms of improving
the compatibility of the Ti implant with blood [41].

In addition, the NbN coating improved cell adhesion and the viability/proliferation of
human cementoblasts [42]. A comparison of Nb-based coatings (NbO, NbC, and NbN) with
Nb metal demonstrated significantly better corrosion resistance in potentiodynamic polar-
ization and electrochemical impedance spectroscopy studies [43]. Further, the NbN coating
improved cell adhesion, mineralization, and osteogenic differentiation. The TiN/NbN
coating provided better corrosion resistance than the NbN and TiN coatings in a simulated
body fluid environment [44]. The TiN/NbN coated sample surfaces demonstrated a signifi-
cant reduction in bacterial count. Moreover, the bacterial count on the NbN coating surface
was lower than on the TiN coating surface and uncoated substrate [44]. Human MDA-MB-
231 cells adhered and proliferated well on the CrN/NbN coated surface, indicating good
biocompatibility with this coating [45].

The coating based on HfN suppresses pathogenic microflora and has a bactericidal
effect [46], and the (Hf, Si)N coating has good biocompatibility [47]. The number of platelets
on the surface of the Ti alloy with the (Hf, Si)N coating is significantly lower than on that
without a coating. On the surface without a coating, most platelets were activated, and
pseudopodia in the form of branches appeared, some of which thickened and began to
spread. In contrast, on the surface of the Ti alloy with the (Hf, Si)N coating, the platelets
remained normal and round, without obvious pseudopodia of branches and agglomeration.

The ZrN-based coatings with Hf and Nb exhibited high corrosion resistance with high
hardness and wear resistance [48]. Introducing Nb into the composition of ZrN slightly
reduces corrosion resistance. In contrast, Hf increases the corrosion resistance. Carbonitride
coatings of ZrCN and (Zr, Hf)CN have demonstrated good biocompatibility in vitro tests.
After five days in a culture, osteosarcoma cells were well developed and had an ideal
spindle-shaped form. Including Hf in the ZrCN coating composition allows for increased
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corrosion resistance in Ringer’s solution and improves biocompatibility [49]. It provides
high cell viability, with dense and clearly defined actin bundles and strong contacts with
the surface, favorable for the colonization of osteosarcoma cells on the surface of the (Zr,
Hf)CN coating [49].

Thus, the objective of this work is to compare the biocompatibility and corrosion
resistance of samples of the Ti alloy Ti–6Al–4V with nitride coatings with an adhesive
sublayer based on pure metal. The Zr–ZrN coating, which has demonstrated high efficiency
in numerous studies [28–39], is compared with coatings based on it with the introduction
of Nb (Zr–(Zr, Nb)N) and Hf (Zr–(Zr, Hf)N). The object of comparison was a sample with a
Ti–TiN coating, which also displayed high efficiency [27–29,31,33,34,36,44].

2. Materials and Methods

The coatings were deposited using the VIT-2 unit (IDTI RAS—MSUT “STANKIN”,
Moscow, Russia), which has been described in detail in previous publications [50–54]. This
study employs controlled accelerated arc physical vapor deposition technology [55,56].
This technology reduces the number of microparticles while maintaining a highly efficient
deposition process and reducing energy costs. The Zr (99.98%) and Ti (99.99%) cathodes
and Zr–Nb (50:50%) and Zr–Hf (50:50%) alloy cathodes were employed in this study. Before
coating deposition, the samples were prepared as follows:

• By washing in a special solution at a temperature of 80 ◦C with ultrasonic stimulation;
• For washing, neutral detergent EKOSAN 400 (OOO TD “NOVA”, Moscow, Russia)

was used. This detergent was chosen because it:

• is biodegradable and safe for the environment
• does not emit harmful substances
• is fire- and explosion-proof
• does not contain phosphates

• By rinsing in purified running water;
• By drying in a stream of hot, purified air.

During coating deposition, the arc currents of the Ti and Zr cathodes were 75 and 80 A,
respectively. The arc currents of the Zr–Nb (50:50%) and Zr–Hf (50:50%) cathodes were
85 and 90 A, respectively. Other parameters were the same for all processes (nitrogen (N2)
pressure: 0.42 Pa, voltage on the substrate: –150 V, and tool rotation speed: 0.7 rpm).

The surface morphology and structure of the coatings were studied using a Carl
Zeiss (Oberkochen, Germany) EVO 50 scanning electron microscope, with an energy
dispersive X-ray (EDX) system X-Max with an active area of 80 mm2 (Oxford Instruments,
Abingdon, UK), and a transmission electron microscope (TEM) JEM 2100 (JEOL, Tokyo,
Japan). The elemental composition was studied using TEM with EDX INCA Energy (Oxford
Instruments, Abingdon, UK). The content of N and H were not determined because they
are challenging to identify adequately using the methods in this work. These elements
do not have a noticeable effect on oxidation processes and coating property degradation
(unlike, e.g., oxygen, O). Samples for the TEM were prepared using a focused ion beam on
a Strata 205 device (FEI Company, Hillsboro, OR, USA).

Corrosion Life Test Method in 3% NaCl with Preliminary Application of Microorganisms to the
Coating Surface

The bioactivity of samples with Ti–TiN, Zr–ZrN, Zr–(Zr, Nb)N, and Zr–(Zr, Hf)N
coatings was studied via incubation with gram-positive strains of S. aureus (American
Type Culture Collection: ATCC 6538) [57,58]. Before the studies, the surface of the samples
was sterilized in ethanol (70%) for 2 h and dried at room temperature under ultraviolet
irradiation. Test bacteria (one colony) were transferred to a test tube with 2 mL of nutrient
broth (NB), and the number of bacteria was determined. In accordance with the standards
of the American Public Health Association and Association of Official Analytical Chemists
International [59], the NB had the following composition (grams per liter of water): gelatin
peptone of 5.0 g/L H2O and meat extract of 3.0 g/L H2O. The final pH was 6.8 ± 0.2 at
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25 ◦C. The following method was used to prepare the NB: 8 g of the medium was diluted in
1 L of distilled water. Then, the solution was thoroughly mixed and heated. While stirring
in a centrifuge, the solution was brought to a boil and boiled for a minute with rotation
until completely dissolved. Then, the solution was poured into containers and sterilized
for 15 min at 121 ◦C. The liquid with bacteria and NB was diluted so that the resulting
solution contained 5.5 × 105 to 2.5 × 106 colony-forming units (CFU)/mL bacteria [58].
This solution was employed as a test liquid with bacteria. A volume of 0.1 mL of the liquid
was inoculated onto the test sample, covered with a film, and lightly pressed so that the
liquid was distributed over the entire surface [58]. The samples were placed in sterile
polyethylene packages containing 50 mL of 3% NaCl solution and were kept at 25 ◦C for
30 days (720 h) (in accordance with GOST 9308 [60]).

3. Results

The presented map (Figure 1) of the element distribution on the surface of the Ti–6Al–
4V alloy and TiN, (Zr, Hf)N, (Zr, Nb)N, and ZrN coatings after corrosion testing in a 3%
NaCl solution at 25 ◦C for 720 h indicates the onset of oxidation processes and the formation
of surface oxides. Although oxidation traces are present on all samples, the O distribution
over the surface has significant differences. If the uncoated Ti substrate is characterized by
the formation of spots 20 to 40 µm in size, then the TiN and (Zr, Nb)N coatings and, to a
lesser extent, the ZrN coating are characterized by the formation of filiform structures of
the mycelium type. The sample with the (Zr, Hf)N coating has extensive oxidation areas
hundreds of microns long. The distribution of C, the second critical element that forms
biological structures, was also examined to better understand the nature of the O-rich
regions. The O and C concentration areas coincide in all samples, suggesting that the
considered areas are of biological origin. The C intensity is significantly higher than the O
intensity in the samples with the ZrN and (Zr, Hf)N coatings, whereas O dominates over C
in the sample with the (Zr, Nb)N coating. This phenomenon may be associated with the
intensity of the surface corrosion, coinciding with the development of biological forms. A
higher O content, especially where C is absent or has low concentrations, may indicate
surface oxidation without forming biological forms in these areas.
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Figure 1. Mapping the distribution of oxygen and carbon (a marker of biological formations) on the
surface of the studied coatings.

Some areas with high O/C content were examined in more detail to ensure that the
considered areas were associated with forming biological forms. Moreover, the content
of some other elements that are characteristic of biological forms was also considered
(e.g., S. aureus; Figure 2).
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Figure 2. Analysis of the content of elements in the putative biological structures on the surface of the
uncoated Ti–6Al–4V substrate, after corrosion tests in a 3% NaCl solution with preliminary planting
of Staphylococcus aureus.

Table 1 lists the primary chemical elements comprising a typical prokaryotic cell (in
this case, E. coli) [61,62]. Studies of the elemental composition of S. aureus have found
similar elemental content values [63,64]). More than 90% of the elemental composition is C,
hydrogen (H), O, N, phosphorus (P), and sulfur (S)—elements that form all biochemical
substances and macromolecules comprising living systems [64]. In addition, this microor-
ganism (in dry form) contains other trace elements, such as Fe, manganese (Mn), zinc
(Zn), copper (Cu), and several others in small quantities. A comparison of the elemental
composition of E. coli and the biological structures on the surface of the samples reveals
that these compositions are close, especially for critical elements (C and O). Despite some
content deviation in low-content elements, such as P, S, potassium (K), calcium (Ca) and
others, the general elemental composition of the discovered formations corresponds to the
bacteria composition; therefore, organic remains are observed rather than salt deposits.

Table 1. Elemental composition of Escherichia coli (wt./at.% in dry matter): (a) results, adapted from
Refs. [61,62] and (b) results from the study of bioforms on samples.

C O N P S K Na Mg Ca
wt.% 50.0 20.0 14.0 3.0 1.0 1.0 1.0 0.5 0.5

at.% (a) 63.21 20.22 15.17 1.71 0.47 0.68 0.68 0.31 0.35
wt.% 47.78–53.44 17.05–26.37 NA 2.75–11.24 1.08–2.57 2.25–4.13 1.80–2.10 0.24–0.72 1.7–8.81

at.% (b) 60.41–67.56 17.24–25.67 NA 1.57–6.41 0.51–1.21 1.53–2.81 1.23–1.41 0.15–0.45 1.19–6.17

After corrosion tests in a 3% NaCl solution, the more detailed maps of the element
content on the uncoated Ti–6Al–4V substrate surface (Figure 2) facilitated analyzing the
content of several elements that are characteristic of biological forms (i.e., S. aureus). The
content of gases (N2 and H2) was not studied, but the content and intensity of the critical
elements in Table 1 indicate that, as mentioned above, biological structures were observed
rather than salt deposits, for example. The abnormally high content of Na and Cl in the studied
areas is associated with the active deposition of NaCl crystals on the surface of biological
formations. Obtaining data on the intensity of oxidation processes on the sample surfaces is
possible after analyzing the average O content on the sample surfaces (Figure 3) and examining
only areas with a low C content or without C (without biological forms). As established, the
coating deposition can slow or intensify oxidation processes. The O content on the surface of
the TiN and (Zr, Nb)N coatings is higher than that of the uncoated Ti sample. Samples with
ZrN and, especially, (Zr, Hf)N coatings resist oxidation better in a 3% NaCl solution.

In terms of bioactivity toward S. aureus, the highest density of biological forms was
observed on the surface of the TiN and (Zr, Hf)N coatings, and the lowest was on the
surface of samples without a coating, with a ZrN coating, and with a (Zr, Nb)N coating
(Figure 1). These results are consistent with past work [31,32,44] and confirm the decrease in
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S. aureus adhesion in samples with the ZrN and (Zr, Nb)N coatings. Samples with the ZrN
and (Zr, Hf)N coatings provide the best oxidation resistance. The O content in the surface
layer of nitride coatings correlates with the results of corrosion tests (Table 2) conducted
earlier [33,48]. The minimum corrosion currents in a 3% NaCl solution were observed
for samples with Zr–ZrN (0.123 µA/cm2), compared to the uncoated Ti–6Al–4V alloy
(0.372 µA/cm2). The introduction of Hf into ZrN allowed reducing the corrosion currents
from 0.123 µA/cm2 (Zr–ZrN coating) to 0.118 µA/cm2 (Zr–(Zr, Hf)N coating) [33,48],
which is consistent with the decrease in the O content in the coating from 4.09 to 1.01 wt.%.
The Zr–(Zr, Nb)N and Ti–TiN coatings are characterized by corrosion currents of 0.395 and
0.411 µA/cm2 [33,48], corresponding to 6.92 and 6.89 at.%, respectively, of O in the coatings
after 262 h in a 3% NaCl solution at 25 ◦C.
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Impedance studies of nitride coating corrosion in a 3% NaCl solution at 25 ◦C [47]
have also found a degree of surface oxidation after 262 h of corrosion in 3% NaCl at 25 ◦C.
A maximum R2 value (charge transfer resistance) of 2.36 MOhm·cm2 was observed for
Ti–6Al–4V samples with a Zr–(Zr, Hf)N coating, for which the minimum O content of
1.01 at.% was observed. This finding indicates the formation of a pore-free oxide film on
the surface of the Zr–(Zr, Hf)N coating, preventing the corrosion process in a 3% NaCl
solution at 25 ◦C.

Table 2. Resource corrosion tests of Ti–6Al–4V samples with nitride coatings in 3% NaCl at 25 ◦C.

No Coating Corrosion Current Density
[33], µA/cm2

R2 (Charge Transfer
Resistance) [47], MOhm·cm2

Surface Oxidation after 262 H
in 3% NaCl at 25 ◦C, wt.% O

1 Uncoated 0.372 - 5.31 ± 0.71
2 Zr–(Zr, Nb)N 0.395 1.10 6.92 ± 0.46
3 Zr–(Zr, Hf)N 0.118 2.36 1.01 ± 0.19
4 Zr–ZrN 0.123 0.06 4.09 ± 0.24
5 Ti–TiN 0.411 - 6.89 ± 0.57

The nature of the formation of biostructures and oxidation processes on the sample
surfaces with coatings is considered in more detail below.

3.1. TiN Coating

The Ti–TiN coating exhibits the formation of surface biostructures of a filamentary
type (Figure 4a). These structures are presumably the remains of filamentous colonies of
S. aureus. The localization crossing this thread was selected for cutting out the lamella.
The study of the lamella (Figure 4b) revealed a characteristic columnar structure of TiN,
which maintains strong adhesion to the substrate. A thin film (about 15 nm thick) was
observed on the coating surface, presumably representing the remains of the NaCl solution
(accurate analysis of the composition is difficult due to the slight thickness). A section of
the remains of the surface biological structure (Figure 4c) indicates the presence of internal
cavities (bubbles). A film with a thickness of about 11 nm occurs between the biostructure
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and coating surface. This film is different from the film on the free surface of the coating.
The thickness of the film is slightly lower, and it is lighter in contrast. In addition, cavities
(delaminations from the substrate) were observed in its structure. Due to the minimal
thickness of this film, a more detailed study is challenging. This film is assumed to promote
the adhesion of S. aureus to the coating surface [65,66]. Bacterial adhesion to material
surfaces is a complex process influenced by the physicochemical properties of the cells and
the substrate surface. It has been established that S. aureus can attach to hydrophobic and
hydrophilic surfaces, with the former having higher adhesion [66]. In addition, studies
have found that S. aureus has high adhesion to the surfaces of products that directly contact
humans and, thus, can penetrate and infect the body [67]. Accordingly, reducing the
adhesion of S. aureus is a critical task.
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and its adhesion to the coating.
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The study of the elemental composition of the interfacial area of the Ti–TiN coating and
biostructure indicates a fairly high O content (up to 9.85 at.%; Figure 5a). The analysis of the
elemental composition of the biostructure did not provide meaningful results, exhibiting a
dominant C content with some O content (up to 5.66 at.%; Figure 5b). This result may be
associated with the partial destruction of the initial biostructure during the cutting of the
lamella (charring and decomposition of organic compounds).
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Figure 5. Distribution of elements in the surface layers of the Ti–TiN coating on Ti–6Al–4V alloy at
the boundary with the biological structure after corrosion tests in a 3% NaCl solution at 25 ◦C for
720 h: (a) oxygen content in the coating surface layers and (b) analysis of the elemental composition
of the biostructure.

3.2. ZrN Coating

After corrosion tests in a 3% NaCl solution, a network of filiform structures similar to
the Ti–TiN coating was observed on the surface of the Zr–ZrN coating (Figure 6a). The total
concentration of these biostructures on the surface of the Zr–ZrN coating is significantly
lower. The analysis of the coating structure (Figure 6b) indicates the presence of columnar
grains and the preservation of tight adhesion to the substrate (Ti–6Al–4V). A section of the
biostructure was observed on the coating surface with no cavities (bubbles). The contrast
of the coating structure image under the biostructure is somewhat lighter than that of the
free area of the coating.
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7a). Along with zones in which a relatively high (up to 7.1 at.%) O presence was observed, 
O is practically absent in some zones.

The study of the elemental composition of the biostructure on the coating surface 
provides an interesting result (Figure 7b). The content of the chemical elements in this 
zone correlates well with the described bacteria composition [61–64] (Table 1). Thus, the 
studied biostructure is precisely formed by S. aureus with a high degree of certainty. Di-
rectly under the adhesion area of the biostructure with the coating is an area with an ab-
normally high O content of 13.13 at.% (a lighter contrast area in Figure 7c). Up to 6.75 at.% 
of O is retained at a depth of up to 700 nm, whereas O is absent at a depth of 100 nm in 
the layers under the free surface of the coating, and the O content is not recorded at all 
measurement points even on the surface (Figure 7a). Such intense local oxidation is asso-

Figure 6. Structure of the Zr–ZrN coating on Ti–6Al–4V alloy after corrosion testing in a 3% NaCl
solution at 25 ◦C for 720 h: (a) view of the sample surface, where the green line indicates the location
of the lamella cutout and (b) the structure of the coating and biostructure on its surface.

A study of the O distribution in the coating surface layers revealed that the presence of
this element in the coating (and, consequently, the coating oxidation) is uneven (Figure 7a).
Along with zones in which a relatively high (up to 7.1 at.%) O presence was observed, O is
practically absent in some zones.

The study of the elemental composition of the biostructure on the coating surface
provides an interesting result (Figure 7b). The content of the chemical elements in this zone
correlates well with the described bacteria composition [61–64] (Table 1). Thus, the studied
biostructure is precisely formed by S. aureus with a high degree of certainty. Directly under
the adhesion area of the biostructure with the coating is an area with an abnormally high O
content of 13.13 at.% (a lighter contrast area in Figure 7c). Up to 6.75 at.% of O is retained
at a depth of up to 700 nm, whereas O is absent at a depth of 100 nm in the layers under
the free surface of the coating, and the O content is not recorded at all measurement points
even on the surface (Figure 7a). Such intense local oxidation is associated with the effect
of this biostructure. Oxygen may be a product of the chemical interaction of the coating
components and biostructure and might diffuse deep into the coating. The cause and
nature of this effect are to be assessed in further work.
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Figure 7. Oxygen (O) content in the surface layers of the Zr–ZrN coating on Ti–6Al–4V alloy after
corrosion testing in 3% NaCl at 25 ◦C for 720 h: (a) O content in the coating surface layer, (b) study of
the elemental composition of the biostructure, and (c) O content across the coating thickness in the
area under the biostructure.

3.3. Zr–(Zr,Nb)N Coating

The filamentary biostructures on the surface of the Zr–(Zr, Nb)N coating are less
pronounced than the previously studied coatings (Figure 8a). Cavities (bubbles) measur-
ing 10 to 40 nm were visible on the cross section of the biostructure (Figure 8b). A very
thin (about 5 nm) layer (Figure 8c) was observed between the coating and biostructure,
indicating the interaction of the biostructure with the coating. It is not possible to differ-
entiate the elemental composition of this layer from the general elemental composition of
the biostructure.
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Figure 8. (a) Surface of the Zr–(Zr, Nb)N coating with filiform biostructures and the location of
the lamella cut out (green line). (b) Section and structure of the biostructure on the coating surface.
(c) Structure of the intermediate layer between the biostructure and coating. (d) Distribution of
oxygen by the depth of the Zr–(Zr, Nb)N coating on Ti–6Al–4V alloy after corrosion testing in a 3%
NaCl solution at 25 ◦C for 720 h.
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The analysis of the O distribution in the surface and deep layers of the coating indicates
a high degree of oxidation. The surface layers have up to 8.87 at.% of O, and there is still
1.51 at.% of O at a depth of 200 nm (Figure 8d). Oxidation occurs to a depth of at least
200 nm, which may indicate a uniform dissolution of the Zr–(Zr, Nb)N coating, acting
as a protective layer (this effect is described in [33,47]). Due to its gradual destruction,
the attachment of the biostructure is difficult (the distribution density of the biostructure
“threads” on the surface is significantly lower than that of other samples; Figure 8a).

3.4. Zr–(Zr, Hf)N Coating

The surface of the Zr–(Zr, Hf)N coating after corrosion tests in a 3% NaCl solution
displays significant differences from the coatings discussed above. In this case, the for-
mation of filiform biostructures was not observed, but continuous areas of biostructures
with a width of 30 to 50 µm and an extension of hundreds of µm were present (Figure 9a).
The cross section of this biostructure reveals that its thickness ranges from 20 to 200 nm
(Figure 9b). The elemental composition of the biostructure typically corresponds to those
discussed earlier and indicates a possible relationship with S. aureus (Figure 9c).
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cut out (green line). (b) Section and structure of the biostructure on the coating surface. (c) Elemental 
and phase composition of the biostructure. (d) Distribution of oxygen by the depth of the Zr–(Zr, 
Hf)N coating on Ti–6Al–4V alloy after corrosion testing in a 3% NaCl solution at 25 °C for 720 h in 
region A under the biostructure and (e) under the free surface of the coating.
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der the biostructure (0.87 to 0.89 at.%) is even slightly lower than on the free surface of the 
coating (1.26 at.%). Thus, active oxidation associated with the influence of the biostructure 
(as in the sample with the Zr–ZrN coating; Figure 7b) is not observed, which may indicate 
a sufficient density of the biostructure film, blocking the access of O in the coating.
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The adherence (bioadhesion) of bacteria to the surface of coated samples was studied 

via incubation with gram-positive strains of S. aureus. The samples were kept at 25 °C for 
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Figure 9. (a) Surface of the Zr–(Zr, Hf)N coating with biostructures and the location of the lamella cut
out (green line). (b) Section and structure of the biostructure on the coating surface. (c) Elemental
and phase composition of the biostructure. (d) Distribution of oxygen by the depth of the Zr–(Zr,
Hf)N coating on Ti–6Al–4V alloy after corrosion testing in a 3% NaCl solution at 25 ◦C for 720 h in
region A under the biostructure and (e) under the free surface of the coating.

This coating displayed an extremely low tendency to oxidation. Even in the surface
layer, the O content does not exceed 1.26 at.%. These results correlate well with the results
of previously conducted electrochemical studies [33,47]. The O content in the coating under
the biostructure (0.87 to 0.89 at.%) is even slightly lower than on the free surface of the
coating (1.26 at.%). Thus, active oxidation associated with the influence of the biostructure
(as in the sample with the Zr–ZrN coating; Figure 7b) is not observed, which may indicate
a sufficient density of the biostructure film, blocking the access of O in the coating.

4. Conclusions

The adherence (bioadhesion) of bacteria to the surface of coated samples was studied
via incubation with gram-positive strains of S. aureus. The samples were kept at 25 ◦C
for 30 days in a 3% NaCl solution. Based on the study results, the following conclusions
were drawn:

• Coating deposition can slow and intensify oxidation processes. The O content on the
surface of the TiN and (Zr, Nb)N coatings is higher than that of the uncoated Ti sample.
Samples with ZrN and, especially, (Zr, Hf)N coatings resist oxidation better.

• In terms of bioactivity with respect to S. aureus, the highest density of biological forms
was observed on the surface of the TiN and (Zr, Hf)N coatings, and the lowest was on
the surface of uncoated samples and those with a ZrN or (Zr, Nb)N coating.

• On Ti–TiN, Zr–ZrN, and Zr–(Zr, Nb)N coatings, the formation of surface biostructures
of a filamentary type was observed. These structures are presumably the remains of
filamentary colonies of S. aureus. In this case, the uncoated sample has an island-like
biostructure, whereas the sample with the Zr–(Zr, Hf)N coating reveals the formation
of extensive biostructure areas.

• A 5 to 15 nm thick layer was observed between the biostructure and TiN and Zr–(Zr,
Nb)N coatings, presumably representing the products of chemical interactions of
the biostructure with the coating components, affecting the adhesive interaction of
S. aureus with the sample surfaces.
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• An area of active oxidation to a depth of 700 nm was observed under the biostructure
on the Zr–ZrN coating, whereas in the sample with the Zr–(Zr, Hf)N coating, the O
content under the biostructure is lower than on the free surface of the coating. This
phenomenon may be associated with the peculiarities of the chemical interaction of
the biostructure and coating material, requiring additional research.

Thus, the presence of biostructures on the surface of the coated samples can activate
or slow oxidation processes, depending on the coating composition. Based on the ob-
tained data, the Zr–ZrN coating has the best application prospects among the coatings
under consideration.
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