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Abstract: New TiNb-based alloys, such as Ti–6Al–7Nb, are currently being studied around the
world as an alternative to other Ti alloys, e.g., instead of Ti–6Al–4V. We conducted a pilot study
where thin (approximately 1.2 micron) CaP coatings containing low doses of Zn2+ (0.4–0.8 wt.%)
were prepared by the radio frequency magnetron sputtering (RFMS) of Zn-hydroxyapatite (HA)
target on Ti–6Al–4V and Ti–6Al–7Nb substrates and investigated their physicochemical properties,
in vitro solubility, cytotoxicity, and antibacterial and osteogenic activities. The thickness of the
obtained coatings was approximately 1.2–1.3 microns. Zn substitution did not result in roughness
or structural or surface changes in the amorphous CaP coatings. The distributions of Ca, P, and
Zn were homogeneous across the film thickness as shown by the EDX mapping of these elements.
Zn doping of CaP coatings on both types of Ti-based alloys statistically influenced the results of
the scratch-test. However, obtained values are satisfactory to use Zn-CaP coatings on biomedical
implants. Increased Zn2+ release vs. tapered output of Ca and phosphate ions occurred during
5 weeks of an in vitro immersion test in 0.9% NaCl solution. Ti–6Al–7Nb alloy, unlike Ti–6Al–4V,
promoted more linear biodegradation of CaP coatings in vitro. As a result, CaP-based surfaces on
Ti–6Al–7Nb, compared with on Ti–6Al–4V alloy, augmented the total areas of Alizarin red staining
in a 21-day culture of human adipose-derived mesenchymal stem cells in a statistically significant
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manner. Moreover, Zn–CaP coatings statistically reduced leukemic Jurkat T cell survival within 48 h
of in vitro culture. Along with the higher solubility of the Zn–CaP surface, a greater reduction (4- to
5.5-fold) in Staphylococcus aureus growth was observed in vitro when 7-day extracts of the coatings
were added into the microbial culture. Hence, Zn–CaP-coated Ti–6Al–7Nb alloy with controllable
biodegradation as prepared by RFMS is a prospective material suitable for bone applications in cases
where there is a risk of bacterial contamination with severe consequences, for example, in leukemic
patients. Further research is needed to closely investigate the mechanical features and pathways of
their solubility and antimicrobial, antitumor, and osteogenic activities.

Keywords: element mapping; thickness; hardness; roughness; in vitro solubility; cytotoxicity;
leukemic cells; human adipose-derived mesenchymal stem cells; Alizarin red staining; Staphylococcus
aureus growth

1. Introduction

One of the main research directions of modern medical materials science is in the
field of new materials for use in the treatment of bone fractures and defects [1]. Due to
their excellent mechanical properties, metallic materials are widely used in many clinical
cases [2]. Among many other metallic materials, titanium (Ti)-based alloys are primarily
used due to their low weight, good fatigue properties, toughness, and biological inertness.
For a long time, the most commonly used alloy was Ti–6Al–4V (grade 5). However, some
studies show that Ti–6Al–4V can release toxic elements, such as vanadium, during a
prolonged post-surgery period [3]. Therefore, new Ti-based alloys have been introduced,
including Ti–6Al–7Nb, Ti–13Nb–13Zr, and Ti–12Mo–6Zr [4].

A modern trend is to functionalize the surface of metallic medical devices before
implantation [5]. As a method to functionalize the material surface, coating deposition
is a well-known approach to control cell attachment and proliferation on a biocomposite.
Multiple types of materials have been investigated for use as coatings, including calcium
phosphate (CaP) [6], bio-glass [7], and various types of nitrides [8]. Considering all the
types of coatings that are being developed, a common aim is to increase the medical
device survival rate by improving biocompatibility, creating a protective layer, improving
tribological properties, and providing specific antibacterial or anti-inflammatory effects.

Currently, CaP-based coatings are accepted for clinical use and are widespread in
practice. Hydroxyapatite (HA), the main material in the CaP family, resembles a mineral
fraction of bone tissue and, therefore, it is inherently biocompatible [9]. Moreover, during
CaP coating dissolution, Ca2+ and phosphate ions (PO4

3−) are released and used for local
bone remodeling. On the other hand, the main challenge that increases the chance of
implant failure in the postoperative period is bacterial infection [10,11]. Indeed, various
research groups are working toward fighting and decreasing the risk of bacteria-associated
infections at implant sites and improving the longevity of implantable medical devices.
Ion substitution in the HA lattice opens up a wide range of opportunities for that material,
including antibacterial potency. Such substitutions could significantly modify the lattice
parameters and crystallinity of HA, which would substantially increase the solubility of
bioapatites under physiological conditions [12].

Within the HA lattice, Ca2+ can be substituted with a number of different ions, in-
cluding Mg2+ [13], Sr2+ [14], Ag2+ [15], Cu2+ [16,17], and Zn2+ [18]. Ag2+, Cu2+, and Zn2+

ions have attracted the most interest for enhancing CaP dissolution and antibacterial prop-
erties [12]. It is well-documented that Ag-substituted HA has significant antibacterial
activity. However, this material was found to be somewhat toxic for cells [19]. Although
Cu-substituted HA shows an antibacterial effect, Cu does not naturally occur in bone
tissue, not even in trace concentrations. On the contrary, Zn is reported to be present in the
bone mineral phase [14]. Furthermore, Zn has antibacterial properties and is an important
microelement for DNA synthesis, biomineralization, and hormonal activity [12].
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Various methods have already been used to produce substituted CaP coatings, includ-
ing radio frequency (RF) magnetron sputtering (MS) to deposit Zn-doped CaP surfaces [18]
onto Ti-based alloys (mainly pure Ti and Ti–6Al–4V) as described, in particular, in [20,21].

Increased in vitro adhesion and viability of osteoblasts in contact with Zn-CaP coating
prepared by MS technique on Ti substrate has been reported [22]. However, an antibacterial
Zn content in CaP material of more than 1.2 wt.% could promote in vitro osteoblast cyto-
toxicity [23]. Moreover, the addition of low doses (0.1–10 µM) of Zn to mineral films can
inhibit the in vitro proliferation and differentiation of osteoblasts [24]. It is highly likely that
the physicochemical and biomedical investigation of Zn-CaP coatings deposited by RFMS
on TiNb substrates is in the pilot study phase because we could not find such publications.

In this research paper, we describe a method for producing thin CaP coatings con-
taining low doses of Zn doped by RFMS of Zn-HA target on Ti–6Al–4V alloy and a novel
Ti–6Al–7Nb substrate and study their physicochemical properties, in vitro solubility, cyto-
toxicity, and antibacterial and osteogenic activities as a first approximation.

2. Materials and Methods
2.1. Preparation and Characterization of RFMS Samples

For coating deposition, substrates were prepared of Ti–6Al–4V alloy (grade 5; 89.696
Ti, 6.03 Al, 3.96 V, 0.11 O, 0.18 Fe, 0.01 C, 0.01 N, and 0.004 H wt.%) and hypoallergenic
Ti–6Al–7Nb alloy (86.2635 Ti, 6.32 Al, 7.05 Nb, 0.17 O, 0.18 Fe, 0.0013 Ta, 0.009 C, 0.004 N,
and 0.0022 H wt.%). Melts were produced in an ATI Allvac machine (Monroe, NC, USA),
and cold working processes of bars were performed by Zapp Precision Metals GmbH
(Ratingen, Germany).

The surfaces of Ti–6Al–7Nb substrates with dimensions of 10 × 10 × 1 mm3 and
disc-shaped Ti–6Al–4V substrates 11 mm in diameter and 1 mm thick were ground with
progressively finer grinding paper up to 600 grits. After that, the samples were ultrasonically
cleaned in benzene and followed by ethanol for 10 min each. The procedure was repeated
twice. The samples were air-dried and transported for deposition in Petri dishes. Monocrys-
talline Si (100) was used for ellipsometry measurements and thickness determination.

The sputtering targets were Zn-substituted HA and stoichiometric HA (Zn-HA and
HA). A powdered material was prepared by mechanochemical synthesis at the Institute
of Chemistry and Mechanochemistry, Russian Academy of Sciences, Novosibirsk, Russia.
The mechanochemical synthesis was carried out according to the following reactions:

6CaPO4 + 4CaO = Ca10(PO4)6(OH)2 + 2H2O

6CaHPO4 + (4 − x)CAO + xZNO = CA(10 − x)Znx(PO4)6(OH)2 + 2H2O, where x = 0.4

The prepared powder was used as a precursor for the preparation of a target for
sputtering. Detailed descriptions of the production technology and experimental studies
regarding the phase composition and structure are reported in our previous work [25].

For CaP coating deposition, an RF magnetron setup (TPU, Tomsk, Russia) was used.
RF power (13.56 MHz) of 250 W (power density 2.6 W/cm2) was used to sputter the HA
and Zn-HA targets in Ar pressure of 8 × 10−4 torr. Before deposition, a base pressure was
reached at 5 × 10−6 torr. The duration of deposition was 2.5 h. The target-to-substrate dis-
tance was 70 mm in all deposition cases. The samples were placed in the area corresponding
to the target erosion zone.

The thickness of deposited films was measured on Si substrates using spectroscopic
ellipsometry with an ELLIPS-1891 SAG setup (Rzhanov Institute of Semiconductor Physics
of SB RAS, Novosibirsk, Russia). The average CaP coating thickness was determined as
1280 ± 80 and 1240 ± 70 nm for Zn-HA and HA target sputtering, respectively.

The surface morphology and composition of the coatings were examined by scanning
electron microscopy (SEM) using a LEO EVO 50 (Carl Zeiss, Oberkochen, Germany).
The average surface roughness (Ra) of the substrates prior to and after deposition was
determined in relation to Russian standard GOST 2789-73 using a Profilometr-269 contact
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profilometer (Kalibr, Moscow, Russia). The measurements were performed in triplicate,
and each group contained a minimum of 2–3 samples.

The evaluation of coating-to-substrate adhesion was carried out by scratch testing
on a CSM Macro Scratch Tester Revetest® (CSM Instruments, Needham Heights, MA,
USA) using an indenter with a 20 µm radius. The maximum indentation load was 30 N.
The scratch length was set to 7 mm. The load increased linearly along the scratch length.
In order to obtain statistically meaningful data, each measurement was repeated at least
4 times per sample. Two samples per group were evaluated. The critical load (Fn) was
noted at the first visible area of coating delamination associated with a friction coefficient
change, later confirmed by SEM observations.

To investigate the cross-section of the deposited Zn-CaP and CaP coatings, a JEM
2100 transmission electron microscope (TEM) (JEOL, Akishima, Tokyo, Japan) with an
INCA Energy in-column energy dispersive X-ray (EDX) elemental composition analyzer
(Oxford Instruments, Oxford, UK) was used. EDX determined the distribution of Ca, P,
O, Ti, Al, V, Nb, and Zn in the coatings and substrates in no less than 3 different regions
across the lamella. Two samples per group were evaluated. Average content and Ca/P
ratio were determined accordingly. For preparation of the cross-section sample, an EM
09100IS ion slicer (JEOL, Akishima, Tokyo, Japan) was utilized. The final thinning was
performed in low-energy and low-angle Ar-ion beam mode to minimize the structural
changes associated with sample preparation. The TEM sample preparation and study were
performed at the Center for Collective Use of Scientific Equipment “Nanotech” of ISPMS
SB RAS (Tomsk, Russia).

2.2. Sample Properties and Distribution for Biomedical Testing

Some features and distribution of test samples for in vitro investigation are presented
in Table 1. Before biological testing, the samples were dry-heat sterilized in a Binder
FD53 oven (Binder GmbH, Tuttlingen, Germany) at 453 K for 1 h. No changes in surface
properties or sample mass were found after heating.

Table 1. Samples for in vitro biomedical examination.

Substrate
Material

Substrate
Shape and

Sizes

One-Sided
Surface Area,

mm2

Number of Test Samples in Each Group
One-Sided
Magnetron
Coating on
Substrates

Cytotoxicity of
Samples

Biodegradation of
Samples and

Antimicrobial
Activity of Their

Extracts

Osteogenic
Properties of
Samples with

Alizarin Red S
Staining

Ti–6Al–4V
alloy

Discs 11 mm in
diameter and 1

mm thick
95 *

3 3 3 Uncoated
substrate

3 3 3 Stoichiometric
HA target

3 3 3 Zn-HA target

Ti–6Al–7Nb
alloy

Plates of 10 ×
10 × 1 mm3 100 *

3 3 3 Uncoated
substrate

3 3 3 Stoichiometric
HA target

3 3 3 Zn-HA target

* Lateral areas were not counted.

2.3. Human Cell Isolation

Cells from the human Jurkat T lymphoblast-like leukemia-derived cell line (Jurkat T
cells) were received from the Cell Bank of the Institute of Cytology (Russian Academy of
Sciences, Saint Petersburg, Russia).
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Human adipose-derived mesenchymal stem cells (hAMSCs) were obtained from
lipoaspirates of a healthy man undergoing liposuction for aesthetic reasons in the surgery
hospital. The Local Ethics Committee at the Innovation Park, Immanuel Kant Baltic Federal
University (Kaliningrad, Russia), approved this study (permission No. 1 on 28 February
2019). Informed consent for the procedure was obtained from the volunteer prior to his
participation in the study, according to [26]. Isolation of stromal cells and confirmation
of their multilineage differentiation into osteoblasts, chondrocytes, and adipocytes were
performed as previously described [27,28].

2.4. Cell Viability Analysis

Jurkat T cells were cultured at a density of 1 × 106 viable cells per 1 mL of nutrient
medium consisting of 90% RPMI-1640 (Sigma-Aldrich, St. Louis, MO, USA), 10% inacti-
vated (for 30 min at 56 ◦C) fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), 200 mM
L-glutamine (Sigma-Aldrich, St. Louis, MO, USA), and 100 U/mL penicillin/streptomycin
(Sigma-Aldrich, St. Louis, MO, USA).

Calculations of cell viability before and after culturing were conducted via flow
cytometry using a MACS Quant FL7 system (Miltenyi Biotec, Bergisch Gladbach, Germany)
as described in [28] using Millipore Guava ViaCount reagent (dilution factor of 10; Thermo
Fisher Scientific Inc., Göteborg, Sweden). The culture before testing consisted of 98% living
cells. Postprocessing of the obtained results was carried out using KALUZA Analysis
Software (Beckman Coulter, Brea, CA, USA).

Each well of a 24-well flat-bottom plate (Orange Scientific, Braine-l’Alleud, Belgium)
was filled with one test substrate (Table 1). Cell suspension without any test substrate was
used as a negative control for cytotoxicity. The cell cultures were incubated for 24–48 h
in a humidified atmosphere of 95% air and 5% CO2 at 37 ◦C. The percentages of viable,
apoptotic-like, and dead cells were calculated by carefully interpreting the manufacturer’s
gating of cellular fractions (Figure 1). Currently, “apoptotic-like” cells means cells with
apoptotic morphology, without indicating a specific biochemical mechanism of cell death.

In vitro manipulation was approved by the Local Ethics Committee at the Innovation
Park of Immanuel Kant Baltic Federal University, Kaliningrad, Russia (permission No. 2
on 6 March 2017).

Figure 1. Strategy for gating viability of human Jurkat T cells. Cell identification based on forward scatter (FSC) vs. side
scatter (SSC); Guava ViaCount staining.
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2.5. Sample Biodegradation In Vitro

To evaluate biodegradation behavior, the samples were immersed in 0.9% NaCl
solution (OOO “Mosfarm”, Moscow, Russia) according to ISO 10993-15:2019. Solvent
selection was related to the thickness of thin magnetron coating layers and an absence of
micro-impurities in NaCl solution compared with natural and synthetic biological media.
For example, approximately 2–2.5 mM calcium salts (Ca total) are found in simulated body
fluid (SBF) solution [29]. Simultaneously, calcium released from thin CaP coatings prepared
by magnetron sputtering amounts to less than 0.5–1 mM weekly [30].

To study biodegradation, the samples were soaked at 37 ◦C for 5 weeks (2 mL of
solvent per sample was used according to ISO 10993-12:2007). Such extraction conditions
for medical implants with proposed duration of more than 30 days is conditioned by ISO
10993-9:2009 requirements.

A sterile 50 mL polypropylene conical container with screw cap (FL Medical s.r.l.
Unipersonale, Torreglia, Italy) was used for each test sample. Solutions were replaced with
a fresh portion at the end of each week. The solvent without test samples was used as
a control.

The samples before and after dissolution were dried in ambient conditions for 3 weeks
and then balanced on a digital microanalytical balance (GR-202, A&D Company, Tokyo,
Japan), and the changes in mass were calculated. Three samples per group were tested;
each sample was measured in triplicate. Extracts were collected and kept at a temperature
of −80 ◦C.

Ion concentrations in extracts were determined as follows:

• Zinc ion (Zn2+) concentrations were confirmed by stripping voltammetry (SV), as
described in [31], according to Russian standard GOST P 52180-2003.

• Ionized calcium (Ca2+), calcium salt (Ca total), and phosphate ion (PO4
3−) concen-

trations were evaluated by ion-selective electrodes with sets from Thermo Fisher
Scientific Inc. (Chicago, IL, USA) using a Konelab 60i automatic biochemical analyzer
(Thermo Fisher Scientific Inc., Chicago, IL, USA).

2.6. Estimation of In Vitro Osteogenic Features of Test Samples with Alizarin Red Staining

The osteogenic differentiation of hAMSCs on the plastic around the CaP-coated Ti
alloys was determined after culturing for 21 days as previously described [32]. Osteogenic
supplements (β-glycerophosphate, ascorbic acid, and dexamethasone) were not added to
the culture medium because the self-differentiation osteogenic activity of hAMSCs in plastic
wells initiated by the samples was determined. Samples with one-sided CaP coating were
placed in the plastic wells of a 12-well flat-bottom plate (Orange Scientific, Braine-l’Alleud,
Belgium). Live (97%) hAMSCs expressed CD73 (92%), CD90 (95%), or CD105 (96%) markers
and did not express CD45, CD34, CD20, or CD14 markers (2.4%) when stained using a MSC
Phenotyping Kit, human (Miltenyi Biotec, Bergisch-Gladbach, Germany). CD73, CD90,
and CD105+ cells at a final concentration of 1.5 × 105 live cells per 1.5 mL of 90% αMEM
medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum
(Sigma-Aldrich, St. Louis, MO, USA), 100 U/mL penicillin and 100 µg/mL streptomycin
(Sigma-Aldrich, St. Louis, MO, USA), and 2 mM L-glutamine solution (Sigma-Aldrich, St.
Louis, MO, USA) were equally seeded on and around the test samples. Cell suspension
without test samples served as a negative control. hAMSCs cultured alone in medium with
reagent based on StemPro® Differentiation Kit (Thermo Fisher Scientific, Waltham, MA,
USA) were used as a positive control for osteogenic differentiation. Cultures were grown
at 100% humidity with 5% CO2 at 37 ◦C for 21 days, and the medium was replaced with
fresh medium every 3–4 days.

Differentiated hAMSCs were stained with 2% water solution of Alizarin Red S (ARS;
Sigma-Aldrich, St. Louis, MO, USA), as described in our numerous studies [27,28,32], to
identify mineralization of the extracellular matrix (ECM) produced by osteoblasts as recom-
mended by the International Society for Cellular Therapy (ISCT). All staining procedures
were performed as recommended by the manufacturer, including use of a concentration
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gradient of ARS. The results were assessed with a Zeiss Axio Observer A1 microscope
(Carl Zeiss Microscopy, LLC, Thornwood, NY, USA) using ZEN 2012 software (Carl Zeiss
Microscopy, LLC) on plastic surfaces around the CaP-coated Ti alloys. The number of sites
and total area (average area × number of stained sites) of ARS staining were calculated per
1 mm2 of cell culture for 10 digital images via quantitative computer morphometry with
the help of ImageJ v1.43 software (National Institutes of Health, Bethesda, MD, USA) in
each of 3 wells per group.

2.7. In Vitro Antimicrobial Activity of Extracts

The antibacterial activity of the samples was evaluated using the pathogenic strain S.
aureus 209P from the collection of the Department of Microbiology of Siberian State Medical
University (Tomsk, Russia) as previously described [33] with some modifications.

To prepare the bacterial suspension, S. aureus (1000 microbial bodies) was placed in
15 mL plastic tubes (OOO “Ankar-Imek”, Minsk, Belarus) with 7-day sample extracts or
sample-free media (0.9% NaCl solution) at a 1:1 ratio (0.5 mL each; final concentration of
500 microbial bodies) and incubated for 2 h at 37 ◦C.

Then, 0.2 mL bacterial suspension (100 microbial bodies) was placed into nutrient agar
medium (OOO “Biotech-Innovation”, Moscow, Russia) in 90 mm plastic Petri dishes (OOO
“Ankar-Imek”, Minsk, Belarus) and cultured for 24 h at 37 ◦C and 100% humidity. The
method of quantitative computer morphometry was employed (software measurements by
ImageJ v1.38; National Institutes of Health, Bethesda, MD, USA) to process digital images
(14.1 megapixel resolution) of microbial cultures and measure the total area of bacterial
growth as colony forming units (CFUs) per Petri dish.

2.8. Statistical Analysis

Statistical analysis was carried out with the Statistica 13.3 software. The data were
shown as the mean (X) and standard error of the mean (S.E.M.) for physical results as
well as the median (Me), 25% quartile (Q1), and 75% quartile (Q3) for biological data. The
Kolmogorov–Smirnov test defines the normality of distribution. In cases where biological
results were non-normally distributed, the non-parametric Mann–Whitney and Wilcoxon
(PT) tests were used to evaluate significant differences between independent and dependent
samples, respectively. Otherwise, Student’s t-test was performed. Statistically significant
differences were considered at the value of p < 0.05. Regression analysis was performed;
the coefficient (r) was kept at a significance level higher than 95%.

3. Results and Discussion
3.1. Morphology, Structure, and Properties of CaP Coatings

The surface morphology of Zn-CaP and CaP coatings deposited by RFMS on Ti–6Al7–
Nb and Ti–6Al–4V substrates is shown in Figure 2. The grooves and scratches visible
on the surface result from mechanical grinding of the substrates before deposition. The
coating deposition only slightly modifies the surface, making it smoother. Occasionally,
surface features of the coating, represented by dome-like structures, are visible. The surface
morphology of the coatings deposited from Zn-HA did not differ significantly from CaP
surface deposited from stoichiometric HA.

It is well known that, for effective cell adhesion, the substrate has to have a certain
level of roughness [34]. The values of Ra before and after deposition are shown in Table 2.
The Ra values of all deposited coatings decreased statistically and were 0.2–0.3 µm. How-
ever, the coating topography repeated the initial surface of Ti–6Al–7Nb and Ti–6Al–4V
substrates (Figure 2), as it allowed us to control the resulting surface morphology by initial
substrate pretreatment.

TEM was used to determine the coating structure. The Zn-CaP cross-section is shown
in Figure 3a, from which the amorphous state of the coating is apparent. The featureless
Zn-CaP layer is in contact with the Ti–6Al–7Nb surface without a visible diffusion zone or
notable presence of TiO2. In dark-field mode (Figure 3b), the absence of long-range order
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in the Zn-CaP layer is further confirmed. Only grains that belong to the substrate material
are highlighted in the dark-field TEM image. The same conclusion could be drawn for CaP
coatings obtained from RFMS of stoichiometric HA (Figure 3c,d). The diffusive halo in
Figure 3c confirms the amorphous state of CaP coating. Hence, the Zn substitution did not
result in any structural change of the deposited coatings. The amorphous state of Zn-CaP
and CaP coatings was also confirmed in the case of Ti–6Al–4V substrates (not shown). The
thickness of the coatings was also determined from the TEM images and was found to be
close to that determined by ellipsometry, 1200 ± 100 nm.

Figure 2. Surface morphology of (a) CaP and (b) Zn-CaP coating deposited on Ti–6Al7–Nb, and surface morphology of
(c) CaP and (d) Zn-CaP coating deposited on Ti–6Al–4V.

Table 2. Results of surface roughness determination before and after CaP coating deposition, X ± S.E.M.

Type of Coating/Substrate Ra before Deposition, µm Ra after Deposition, µm

Zn-CaP/Ti–6Al–7Nb 0.51 ± 0.02 0.23 ± 0.06 *
Zn-CaP/Ti–6Al–4V 0.60 ± 0.02 0.19 ± 0.03 *
CaP/Ti–6Al–7Nb 0.51 ± 0.02 0.28 ± 0.01 *
CaP/Ti–6Al–4V 0.60 ± 0.02 0.19 ± 0.02 *

Statistical differences (p < 0.05): * with corresponding values before coating deposition according to Student’s
t-test. Estimated statistical power and sample size are shown in Supplementary Materials.

Figure 3. TEM images of the Zn-CaP coating cross-section in (a) bright-field and (b) dark-field and of
the CaP coating cross-section obtained on Ti–6Al–7Nb substrate in (c) bright-field and (d) dark-field.
Inserts show selected area electron diffractions gathered from corresponding coating region.

To determine the Zn distribution in the Zn-CaP coating, in-column TEM EDX mapping
was performed (Figure 4). The mapping of elements was performed for the region of
interest represented in Figure 4a. The Zn distribution was homogeneous across the coating
thickness and slightly above the noise level due to the relatively low concentration of Zn in
the coating, as seen in Figure 4b. The signal distribution outside the zone corresponding to
the coating was related to the noise level and the lamella preparation step. Sputtering of
the coating and substrate occurred.

The in-column TEM EDX mapping of the CaP coating on Ti–6Al–7Nb is shown in
Figure 5. Elements Ca and P are homogeneously distributed in the CaP coating. The
deviation of the signal intensity in the upper right corner is solely attributed to the sample
preparation during the ion thinning stage and is visible for both Ca and P elements.
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Figure 4. Energy-dispersive X-ray (EDX) element mapping of Zn-CaP coating on Ti–6Al–7Nb substrate in TEM lamella:
(a) ROI in STEM; (b) Zn Ka1; (c) Ca Ka1; (d) P Ka1; (e) Ti Ka1.

Figure 5. Energy-dispersive X-ray (EDX) element mapping of CaP coating on Ti–6Al–7Nb substrate
in TEM lamella: (a) ROI in STEM; (b) Ca Ka1; (c) P Ka1; (d) Ti Ka1.

The values determined by EDX measurement are shown in Table 3. It can be concluded
that Zn-CaP coatings generally have a slightly higher Ca/P ratio of 2.3–2.2, while the ratio
for CaP is 2.1. The increased Ca/P ratio in the case of RF magnetron coatings is known
from the literature [35]. The concentration of Zn in the coatings does not exceed 1 wt.%
according to EDX. The presence of Nb and V was detected for corresponding substrates
Ti–6Al–7Nb and Ti–6Al–4V.

Table 3. Elemental composition of Zn-CaP and CaP coatings on Ti-based substrates according to EDX measurement.

Type of
Coating/Substrate

Elemental Composition
Zn Ca P O Al Ti Nb V

Zn-CaP/Ti–6Al–7Nb
at.% 0.2 18.4 8.2 60.1 0.9 11.8 0.4 -
wt.% 0.4 28.1 9.5 37.1 1.0 22.4 1.5 -

Zn-CaP/Ti–6Al–4V
at.% 0.3 17.5 7.6 59.1 1.1 13.6 - 0.8
wt.% 0.8 26.7 9.0 36.1 1.1 24.8 - 1.5

CaP/Ti–6Al–7Nb
at.% - 17.8 8.3 60.7 0.9 11.9 0.4 -
wt.% - 27.7 9.9 37.7 1.0 22.1 1.6 -

CaP/Ti–6Al–4V
at.% - 17.9 8.4 59.7 0.9 12.5 - 0.6
wt.% - 27.9 10.0 36.8 1.0 23.1 - 1.2

One of the most critical parameters for coatings is the strength of adhesion to the
substrate. In our work, this parameter was determined using scratching. After the test, the
samples were taken to SEM, where EDX mapping from the region of failure was performed.
An SEM image obtained from the failure region of CaP coating on Ti–6Al–7Nb substrate is
shown in Figure 6. It can be concluded from the image that the failure occurred according
to the adhesive mechanism. No cracks are observed near the scratch. The scratch borders
are well defined and abrupt. The coating deterioration has a ductile character with a
low percentage of generated debris. The critical load Fn, in that case, was found to be
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14.9 N. EDX mapping of the Ca element (Figure 6c) suggests that smearing of the coating
started after ejection of the first significant part of the coating, which eventually resulted in
complete deterioration.

Figure 6. (a) SEM image of a track after scratch test for CaP coating on Ti–6Al–7Nb substrate, and
EDX mapping of that region showing distribution of (b) Ti, (c) Ca, and (d) P elements.

An SEM image obtained from the failure region of Zn-CaP coating on Ti–6Al–7Nb
substrate is shown in Figure 7. Material extrusion along the borders of the scratch is visible.
Coating failure started at a smaller critical load than in the CaP coatings (Fn = 11.2 N).
However, the character of failure was almost the same. From the SEM image and EDX
mapping of Ti (Figure 7b), the starting point of asperity formation is visible. We believe that
for application in possible mechanical stress conditions, having an amorphous type of coat-
ing is beneficial during the implantation of coated material. Amorphous materials exhibit
excellent properties compared to crystalline materials because they do not have crystal
defects, such as grain boundaries and dislocations, as reported by Guang Li et al. [36].

Figure 7. (a) SEM image of a track after scratch test for Zn-CaP coating on Ti–6Al–7Nb substrate, and
EDX mapping of that region showing distribution of (b) Ti, (c) Ca, and (d) P elements.

The values of critical load for coatings deposited on different Ti alloys are shown in
Table 4. The determination of coating adhesion using surface scratching is connected to
the mechanical properties of the coating and the properties of the substrate. It has been
reported that Ti–6Al–7Nb alloy has a lower hardness value compared to Ti–6Al–4V. The
dependence between wear characteristics and hardness was reported earlier, and it was
observed that the wear value decreased as hardness increased [37]. Therefore, low values
of Fn for CaP coatings deposited on Ti–6Al–7Nb were expected and resulted (Table 4).

In addition, Zn doping of CaP coatings significantly influenced the scratch testing
values in different directions depending on the type of metal substrate (Table 4).

Table 4. Scratch test results of deposited CaP coatings on Ti-based substrates, X ± S.E.M.

Type of Coating/Substrate Critical Load Fn, N

Zn-CaP/Ti–6Al–7Nb 15.5 ± 1.1 *
Zn-CaP/Ti–6Al–4V 27.8 ± 1.4 #
CaP/Ti–6Al–7Nb 18.9 ± 1.0 *
CaP/Ti–6Al–4V 22.6 ± 0.9

Statistical differences (p < 0.05): * with corresponding coatings on Ti-6Al-4V, # with values for CaP coatings on
corresponding substrates according to Student’s t-test. Estimated statistical power and sample size are shown in
Supplementary Materials.
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3.2. Cell Viability

Jurkat T cells are widely used in toxicological research for the in vitro study of cyto-
toxic reactions to substrates (e.g., [38]), ions [39], and other irritants. The in vitro study
results show a time-dependent reduction in the number of viable cells in the control culture
(no contact with test samples) after 48 h of cultivation (Figure 8a). The proportion of live
cells decreased by 4% because there was a 2- to 6.5-fold growth in the amounts of apoptotic-
like and dead cells compared with after 24 h of culture. However, the control cell culture
had good viability of intact tumor-derived Jurkat T cells, as described elsewhere [40].
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Ti–6Al–4V substrates with or without CaP coating did not show significantly altered
tumor cell viability despite some variations in the death rate over 24–48 h of in vitro
observation (Figure 8a,b). Zn-CaP coating on Ti–6Al–4V alloy led to increased cell death
and reduced viability after 48 h culture compared to 24 h culture. However, statistical
differences with control indices were not determined (Figure 8a,b).

At the same time, the Ti–6Al–7Nb substrate contributed to the impaired survival of
Jurkat T cells (Figure 8a,c). CaP coating protected cells from cell death initiated by contact
with uncoated samples at 24 h and, to a lesser degree, at 48 h of cultivation. Zn-CaP coating
on Ti–6Al7–Nb alloy mostly reduced the tumor-derived cell survival compared to other test
samples and control after 48 h of culture (Figure 8a,c). Detailed statistical analysis using the
Mann–Whitney and Wilcoxon tests confirmed our conclusions, as shown in Supplementary
Table S1. It is possible the acquired data agree with the beginning of enhanced Zn release
from coatings to extracts because an elevated Zn2+ level in the extracts of Zn-CaP coating
prepared on Ti–6Al–7Nb substrate was found after the first week of the dissolution test
(Supplementary Table S2).

At 24 h, there was greater cytotoxicity for Ti-based samples that had low Zn concentra-
tion (0.28–0.4 at.%) in the micro-arc CaP coating [41]. According to ISO 10993-5-2009 [42], a
reduction in cell viability is only considered a cytotoxic effect if it exceeds 30%. Therefore,
we consider an acceptable ratio of test-to-control cell death as an absence of marked in vitro
cytotoxicity of Ti alloys with different magnetron CaP coatings toward tumor-derived
immunocompetent Jurkat T cells.

Zinc-based implants are absorbable materials based on the ASTM F3160-16 definition
of an initially distinct foreign material or substance that either directly or through intended
degradation/corrosion can pass through or be metabolized or assimilated by cells and/or
tissue [43]. Therefore, the in vitro dynamical biodegradation behavior and cell reaction
influenced by Zn-CaP coatings were studied further.

3.3. In Vitro Biodegradation of Test Samples

The changes in sample mass between the metal substrate types after 5 weeks of
dissolution were not considered statistically significant (Figure 9), which is in accordance
with previous results [41]. On the other hand, the median mass of CaP-based coatings
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on both substrates decreased to 0.17–0.22 mg after 5 weeks; the ratio of mass loss grew
statistically compared with the values for corresponding metallic substrates (Figure 9).

Figure 9. Weights of test samples before and after 5 weeks of immersion in 0.9% NaCl solution, Me (Q1–Q3). *—Statistical
differences (p < 0.05) with uncoated substrate.

A visual examination of test samples exposed to biodegradation showed an unequal
reflection of light by surfaces that mainly indicated coating thickness changes on the ends
of samples (Figures S1 and S2).

Thus, CaP-based coatings deposited on Ti–6Al–4V and Ti–6Al–7Nb substrates using
RFMS were soluble when exposed to immersion testing with 0.9% NaCl solution, and it
was possible to extract Zn ions.

Indeed, Zn2+ concentration increased significantly (1.5–3 times) in solutions of Zn-CaP
coatings on both Ti–6Al–4V and Ti–6Al–7Nb substrates during the whole experimental
period (Table S2). Statistical differences in this value between the Zn-CaP coatings on
the types of metal substrate were detected at 1–2 weeks. The values were 0.035 ppm for
Ti–6Al–7Nb alloy vs. 0.019 ppm for Ti–6Al–4V alloy (p < 0.05) after the first week and
0.037 ppm vs. 0.061 ppm (p < 0.05) after the second week of dissolution.

Regression data mining shows the plots of weekly Zn2+ accumulation in the solutions
of test samples (Figure 10). Strong (r > 0.75) linear regressions were detected with incre-
mental rates of 0.01–0.04 ppm of Zn ions per week. A regression coefficient of r = 0.98
underlies more controllable degradation of Zn-CaP coating on Ti–6Al–7Nb substrate.

Zn has well-known antimicrobial properties [44]. Therefore, progressive biodegra-
dation of magnetron Zn-CaP coatings accompanied by Zn2+ release is the mechanism
underlying their antimicrobial effects, as established in vitro (see below).

A hydrogen-ion exponent (pH value) was studied in the dynamics of 5 weeks in vitro
dissolution of test samples (Table S3). Ti–6Al–4V substrate did not cause fluctuations in pH
value compared with control (solvent without samples). Analyte concentrations did not
vary either (Table S3). Ti–6Al–7Nb alloy slightly but statistically significantly diminished
(down to 0.41%–0.69% of control levels; p < 0.05) the pH values after the first and fifth weeks
of investigation. The decreased pH index at the fifth week could have been conditioned by
Ca2+ precipitation on the metallic substrate because a reduced Ca2+ level (down to 64% of
control; p < 0.05) was detected in the solution.

CaP coatings sputtered from different HA targets expressly led to an increased pH
value after the first week of in vitro dissolution regardless of the type of Ti substrate.
Elevated concentrations of total calcium (up to 120 times), Ca2+ (up to 18 times), and PO4

3−

(up to ~9 times) were noted vs. the levels of control and corresponding metal substrates
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(Table S3). The data correspond to those of our previous experiment [30], while 1-week
Ca2+ output was mainly observed.
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Furthermore, the ion release into solutions disappeared at the fifth week of observation,
and a statistically significantly decreased Ca2+ concentration was noted after 5 weeks of
dissolution. It is possible that ion precipitation onto the CaP coatings prepared on both
metal substrates began from the fourth week, when subnormal pH values (down to
0.68%–0.97%) were observed (Table S3).

It is interesting to note that the concentrations of calcium and phosphate ions that were
released into solution depleted during 5 weeks of in vitro biodegradation. The maximum
concentrations of test analytes occurred in the first week of the experiment. After that,
ion output clearly decreased (Table S3, Figures 11–13). For all these observations, weekly
PO4

3− release from the CaP-coated Ti–6Al–4V substrate was closely connected with linear
regression (Figure 11). Calcium extraction approximated an exponential dependence to a
greater extent (Figure 12). On the other hand, CaP coatings on the Ti–6Al–7Nb substrate
showed the linear elution of calcium fractions (Figure 13) more than PO4

3− ion output
(Figure 11). The biodegradation rate of Zn incorporation into CaP coating did not vary
substantially for either type of substrates.

Thus, an increased Zn2+ release vs. decreased output of other ions was established
for the 5-week in vitro dissolution of CaP-coated Ti alloys. The type of metal substrate
had an influence on the controllable features of CaP coating biodegradation. Ti–6Al–7Nb
alloy promoted progressive weekly linear release of Zn2+ and regressive elution of cal-
cium from the Zn-CaP coating. As a component of CaP-based materials, Zn can support
osteogenic differentiation of pre-osteoblasts [45] and exhibits antimicrobial activity against
S. aureus [46]. Therefore, the osteogenic potential and antibacterial activity of test samples
were analyzed in vitro.
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3.4. In Vitro Osteogenic Properties of Test Samples

Osteoblasts have been shown to undergo in vitro biomineralization accompanied by
calcified nodule formation [47]. Our results testing these are shown in Table 5 and Figure 14.
Adherent fibroblast-like hAMSCs cultured on plastic wells in standard nutrient medium for
21 days stained poorly with Alizarin Red S. The staining of individual cells (Figure 14a) did
not allow determination of nodules in ECM mineralization (Table 5). On the other hand, a
StemPro® Differentiation Kit promoted osteogenic differentiation of hAMSCs. The nodules
were determined to be 500 µm in diameter (Figure 14b) and contained 3D aggregates of
cells and mineralized ECM.

Table 5. In vitro effect of test samples on hAMSC osteogenic differentiation with mineralization of cell culture matrix after
21 days of culturing, Me (Q1–Q3), n = 3, n1 = 30.

Groups
Number of

Mineralization Sites per 1 mm2

Cell Culture

Total Area (mm2) of
Mineralization Sites per 1 mm2

Cell Culture

hAMSC culture in standard medium
(negative staining control) 0 0

hAMSC culture in osteogenic medium
(positive staining control) 8 (3–21) * 0.062 (0.061–0.183) *

Ti–6Al–4V alloy

Uncoated metal substrate 5 (5–8) * 0.026 (0.024–0.147) *

CaP-coated substrate 13 (10–18) *,# 0.028 (0.024–0.033) *

Zn-CaP-coated substrate 9 (5–11) * 0.017 (0.0042–0.028) *

Ti–6Al–7Nb alloy

Uncoated metal substrate 6.5 (5–8) * 0.037 (0.030–0.062) *

CaP-coated substrate 16(16–16) *# 0.137 (0.058–0.199) *,&

Zn-CaP-coated substrate 9 (5–13) *,# 0.067 (0.034–0.079) *,&

n, number of test samples or wells of culture plate for each group; n1, number of digital images of cell culture in three wells for each group.
Statistical differences (p < 0.05): * with negative control growth, # with values for corresponding uncoated metal or CaP-coated substrates,
& with values for corresponding coatings on Ti–6Al–4V alloy according to Mann–Whitney test.

Figure 14. Results of 21-day culture of hAMSCs on plastic surface around Ti–6Al–4V (c–e) or
Ti–6Al–7Nb (f–h) substrates in either standard (a,c–h) or StemPro® (b) differentiation media: (a) nega-
tive staining control; (b) positive staining control without test specimens; (c) uncoated metal substrate;
(d) CaP coating; (e) Zn–CaP coating; (f) uncoated metal substrate; (g) CaP coating; (h) Zn–CaP coating.
Alizarin Red S staining of cell and ECM mineralization. Magnification 200×; scale bars = 20 µm.
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Staining appeared when Ti-based substrates with or without CaP coatings were added
to hAMSC cultures in standard medium (Table 5). The stained nodules was smaller than
in the positive control (Figure 14c,f). However, no statistical differences in the total area
of mineralization sites were found for Ti–6Al–4V and Ti–6Al–7Nb alloys compared with
the positive control (Table 5). In turn, the total area of stained sites around CaP-coated
samples (Figure 14d,g) did not differ statistically from the levels of corresponding metal
substrates (Table 5). However, there was a 2.5-fold increase in the number of ECM-stained
nodules for the CaP-coated Ti-based alloys (Table 5). The incorporation of Zn in CaP
coatings on both substrates (Figure 14e,h) did not strongly affect the in vitro differentiation
of hAMSCs into osteoblasts (Table 5). However, there were variations in the orange-red
coloring of calcium deposits conditioned by the inclusion of metals other than Ca2+ [48].
One-sided CaP-based surfaces on Ti–6Al–7Nb significantly increased the total area of ECM
mineralization compared with Ti–6Al–4V alloy (Table 5), which could be due to their major
solubility (Table S3) despite some difference in surface area (Table 1).

Currently, Zn is considered a promising component of biomaterials and coatings for
bone regeneration [49]. It has been shown to support in vitro osteogenic differentiation and
mineralization while releasing from CaP materials into culture medium at high concentra-
tions of 10–25 µM [45,50], 35–87 µM [49], or higher amounts that fall within the usual range
for in vitro zinc treatment. For comparison, these Zn levels are higher than those in human
biological fluids [51]. Moreover, there are studies in favor of in vitro cytotoxicity for even
low amounts of Zn. For example, low doses (0.1–10 µM) of Zn incorporated into mineral
films significantly decreased the proliferation and differentiation of murine MC3T3-E1
osteoblasts after a more extended culture period of 7 days [24].

Of course, if the release of elemental Zn is higher, there will be higher antibacterial
activity, but cytotoxicity would be expected at a level higher than 1.2 wt% of Zn in CaP
ceramic [23]. We studied low Zn content in magnetron CaP coatings (0.4–0.8 wt.%; Table 3)
and weekly extracts (0.035–0.069 ppm (Table S2), corresponding to 0.54–1.06 µM), which
is significantly lower than the maximum tolerated dose (MTD, 1 ppm = 15.3 µM) recom-
mended for water solutions by Russian standards. Perhaps released Zn concentration
falls short of hAMSC osteogenic activity because of ion redeposition from extracts on CaP
coatings, but the antibacterial effect of Zn2+ was indicated (see below).

3.5. In Vitro Antimicrobial Activity of Products Extracted from Test Samples

Following the opinion of Phan et al. (2004), the cytoplasm and glycolytic enzymes
of bacterial cells are expected to be common targets of Zn influence. The bacteria initiate
glycolysis during glucose fermentation. An acid is produced, causing a significant drop in
the pH value, leading to bone demineralization [51]. Zn at 25 µM has been established to
delay the glycolytic process. At 25 µM, it completely stopped glycolysis in Streptococcus
rattus and Streptococcus salivarius [51,52].

We used the pathogenic strain S. aureus 209P in our experiments. S. aureus is the
major pathogen in osteomyelitis, which can lead to bone damage [53]. Growth of plank-
tonic bacterial cells occurring before biofilm formation and during its dissolution [54]
was studied.

A control bacterial culture grown on agar medium formed multiple colonies sized in
the range of 1.3–3.1 mm (Figure 15). The colonies had the correct S-type shape and were
colored with golden pigment.

Figure 15 shows the results of 24 h S. aureus cultures in agar medium after 2 h prelimi-
nary incubation with 7-day extracts of the Ti substrates covered by different one-sided CaP
coatings. The areas of growing microbial CFUs were determined in culture because of the
numerous clusters and some sites of bacterial cell crowding. Implanted materials can re-
duce the threshold concentration for causing infectious inflammation from 106 down to 102

microbial cells depending on the artificial surface properties of the implanted devices [55].
Based on in vitro studies, S. aureus is known to have an affinity for CaP coatings [56].
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The extracts of Ti–6Al–4V (Figure 15a) and CaP-coated Ti-based alloys promoted a
slight increase (up 19–22% from the control level) according to the areas of CFU growth
(Table 6, Figure 15b,e). The extracts of Zn-CaP coatings on either Ti–6Al–4V (Figure 15c) or
Ti–6Al–7Nb (Figure 15f) substrate diminished the microbial areas by 4–4.5 times compared
with CaP coating alone (Figure 15b,e) and control growth (3–4.5 times; Table 6, Figure 15g),
respectively. The obtained results are in line with the previous data for Zn-CaP-coated Ti
alloys prepared by the micro-arc method [33,41].

Figure 15. Results of 24-h growth of S. aureus in agar medium after preliminary 2-h co-cultivation with
extracts of (a) Ti–6Al–4V; (b,e) CaP coatings; (c,f) Zn-CaP coatings; (d) Ti–6Al–7Nb; (a–c) Ti–6Al–4V
substrate; (d–f) Ti–6Al–7Nb substrate; (g) 0.9% NaCl (control).

Table 6. Results of 24-h growth of viable S. aureus 209P in agar medium after preliminary 2-h
co-cultivation in 7-day extract of Zn-containing CaP coatings, Me (Q1–Q3).

Groups, n = 3

Type of Metal Substrate

Ti–6Al–4V Ti–6Al–7Nb

Total Microbial Area per Petri Dish, mm2

Control growth
(without test samples) 1055 (1005–1088)

Uncoated metal substrate 1251 *
(1225–1503)

1008
(996–1027)

CaP coating 1269 *
(1187–1395)

1283
(983–1417)

Zn-CaP coating 334 *,#

(325–367)
227 *,#,&

(218–261)

n, number of Petri dishes studied in each group. Statistical differences (p < 0.05): * with control growth, # with
CaP coating alone on corresponding metal substrate, & with value for corresponding coating on Ti–6Al–4V alloy
according to Mann–Whitney test.

Cloutier et al. (2015) proposed three types of antibacterial coatings: antiadhesion,
contact killing, and antibacterial agent release coatings [57]. The bacteriostatic influence
of magnetron Zn-CaP coating on Ti–6Al–4V substrate was observed, while there was no
statistical evidence of an increased level of Zn2+ in 1 week extracts (Table S2). The solubility
of CaP material has been determined to decrease with increased Zn content in a range
higher than 0.12 wt% [23]. Zn-CaP coating deposited by RFMS on Ti–6Al–4V alloy (Zn
content of 0.8 wt%) was distinct from Zn-containing (0.4 wt%) CaP coating on Ti–6Al–7Nb
alloy (Table 3 and Table S2). Zn-CaP coating on Ti–6Al–7Nb substrate dissolved more
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quickly (Tables S2 and S3), with a twofold increase in Zn2+ elution at the first week of
examination (Table S2). Such coating may be considered as an “antibacterial agent release
coating” according to a classification described in [57].

A similar effect was also found in the case of micro-arc Zn-CaP coating on Ti–6Al–4V
substrate and was explained by Zn-containing CaP microparticle debris [41]. The authors
proposed that Zn remained associated with CaP microparticles, which are capable of
absorbing S. aureus bodies, and prevented microbial growth by “contact killing” [57]
without Zn entering into the solution in the first week of the in vitro experiment. Perhaps
this could be the explanation for the results of the current investigation with the Zn-CaP
coating deposited by magnetron sputtering on Ti–6Al–4V alloy.

The antimicrobial properties of Zn at high concentrations are well known. In relation to
a classification in [57], Thian et al. (2013) demonstrated an antiadhesion type of action of Zn-
substituted (1.6 wt%) HA coating against S. aureus [46]. However, Zn-releasing tricalcium
phosphate ceramics with a Zn content of 1.2 wt% caused osteoblast cytotoxicity [23]. The
inclusion of only 10,000 ppm of Zn in sol–gel HA coating on Ti–6Al–4V substrate was
sufficient for inhibiting the in vitro growth of Streptococcus mutans [58]. Douglas et al. (2017)
described antibacterial inhibition of methicillin-resistant S. aureus by Zn2+ released from
CaP materials at doses of 35 and 87 µM [49].

Surprisingly, low Zn2+ concentrations (about 15–20 times less than 1 MTD = 1 ppm)
released from magnetron (Table S2) and micro-arc CaP [41] coatings caused in vitro bacte-
riostatic effects against planktonic S. aureus. Therefore, the low Zn content (0.4–0.8 wt%) in
the magnetron CaP coatings on tested Ti-based alloys seems to be enough for controlled
release able to restrain in vitro growth of S. aureus without marked cytotoxicity against
hAMSCs and tumor-derived immune cells.

4. Conclusions

Thin (1240–1280 nm) CaP coatings containing low levels of Zn (0.4–0.8 wt%) were pre-
pared on Ti–6Al–4V and Ti–6Al–7Nb substrates using the RFMS technique. The thickness
of the obtained coatings was approximately 1.2 microns. The surface morphology of the
coatings deposited from Zn-HA did not differ significantly from the CaP surface deposited
from stoichiometric HA. The coating deposition only slightly modified the surface, making
it smoother. The amorphous state of CaP-based coating was confirmed on both types of
Ti-based substrates. Hence, the Zn substitution did not result in structural change of the
deposited coatings. The Ca, P, and Zn distribution was homogeneous across the coating
thickness according to element mapping. Decreased performance in scratch testing results
for CaP coatings deposited on Ti–6Al–7Nb were obtained as expected. Zn doping of CaP
coatings significantly influenced the Fn values depending on the type of metal substrate.
Obtained effect needs to be studied, but Fn values proportional to the normalized load
(force/area or stress) are sufficient to use Zn-CaP coatings for biomedical implants.

Biomechanical features of CaP coatings often determines the success or failure of the
implant. For example, hip stem prosthesis is quite literally driven into the canal of femur
bone. Massive deformation and destruction of the coating under shear loading can be
accompanied by implant slacking, infectious complications and failure [59]. Therefore,
scratch testing is useful method to predict mechanical behavior of CaP coating in bone.
In this regard, the coatings developed by magnetron sputtering technique exhibit an
adhesion strength of 80 MPa, which is 2–5-fold higher than that of micro-arc oxidation, hot
isostatic pressing, plasma spray, pulsed laser deposition, sol–gel, dip coating, and thermal
spraying [60].

Increased Zn2+ release vs. tapered output of Ca and phosphate ions occurred during
in vitro 5-week dissolution in 0.9% NaCl solution. Ti–6Al–7Nb alloy vs. Ti–6Al–4V pro-
moted more controllable biodegradation of CaP coatings in vitro. There was more linear
release of Zn2+ and calcium from Zn-CaP-coated Ti–6Al–7Nb alloy. As a result, compared
with Ti–6Al–4V, CaP-based surfaces on Ti–6Al–7Nb significantly increased the total area of
ECM mineralization in 21-day hAMSC culture. Moreover, Zn-CaP coatings significantly
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reduced leukemic Jurkat T cell survival after 48 h of in vitro culture. In turn, it was seen
that the higher the solubility of the Zn-CaP surface, the greater the reduction (4- to 5.5-fold)
in S. aureus growth observed in vitro when 7-day extracts of coatings were added to the
microbial culture.

The results of this in vitro pilot study indicate that Zn-CaP-coated Ti–6Al–7Nb speci-
mens with controllable biodegradation prepared by RFMS is prospective material suitable
for bone applications in cases where there is a risk of bacterial contamination in leukemic
patients. Further studies are needed to more closely investigate the mechanical features
and pathways of their solubility as well as antimicrobial, antitumor, and osteogenic activity.

5. Patents

RU202062: Internal Antimicrobial Fixator (priority date 2020-05-21; publication date
2021-01-28).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/coatings11070809/s1, Figure S1. Surface condition of test samples after 5 weeks of in vitro
immersion in 0.9% NaCl solution: (a) Ti–6Al–4Vsubstrate; (b) CaP coating; (c) Zn-CaP coating. A
site of visible coating biodegradation is shown by black arrow, Figure S2. Surface condition of test
samples after 5 weeks of in vitro immersion in 0.9% NaCl solution: (a) Ti–6Al–7Nb substrate; (b) CaP
coating; (c) Zn-CaP coating. Sites of visible coating biodegradation are shown by black arrows,
Table S1. Viability of Jurkat T cells after different culture periods in the presence of one-sided CaP
coatings on Ti-based alloys; Me (Q1–Q3), Table S2. Results of Zn2+ concentration (mg/dm3; ppm)
in extracts determined by stripping voltammetry during 5-week in vitro immersion of one-sided
CaP coatings on Ti-based alloys in 0.9% NaCl solution, Me(Q1–Q3), Table S3. Results of analyte
concentration (mM) and pH value in extracts determined by ion-selective electrode technique during
5-week in vitro immersion of one-sided CaP coatings on Ti-based alloys in 0.9% NaCl solution,
Me (Q1–Q3).
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