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This is Part II of a study on the antimicrobial
efficacy of tantalum-copper and niobium-copper
coatings, applied via magnetron sputtering (MS)
on three dimensional (3D) printed porous Ti6Al4V
alloy scaffolds and gas-abrasive treated Ti6AI4V
alloy, against Staphylococcus aureus and Candida
albicans. Thicker coatings were found to show
superior antimicrobial activity; however, thin
niobium-copper coatings and uncoated alloy did
not exhibit inhibitory effects. The release dynamics
of copper ions from tantalum-copper coatings into
physiological solution, analysed over ten days via
inductively coupled plasma mass spectrometry,
matched the inhibition zone growth. These
findings support the potential of these coatings in
developing endoprosthesis implants with enhanced
antimicrobial properties.
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This paper follows Part I (1) of the present study.

Results and Discussion

An SEM image of the surface of Ti6Al4V alloy
substrate after gas abrasive treatment and the
results of measuring its surface roughness are
presented in Figure 1. The Sa was 4.6 + 1 uym,
which is in complete agreement with the literature
data (2, 3). Grit-blasted specimens in this work
have comparable roughness with results from
Lewallen et al. (Ra 5.74 £ 0.19 ym) and higher
than bead-blasted substrates (Ra 1.10 £ 0.18 pm)
(2). The surface topography of biomedical titanium
alloys significantly influences their mechanical and
biological properties, as detailed in the existing
literature (4). The 3D surface of the Ti6Al4V alloy
after gas abrasive treatment exhibited randomly
formed valleys and peaks with maximum heights
around 12.5 £ 1 ym and 13.5 £ 1 ym, respectively.
The microtopographical complexity and micron-
scale roughness of these surface features can
create favourable sites for protein adsorption
and improve the long-term stability of implants.
Additionally, they also contribute significantly to
the antibacterial activity of metallic biomaterials
(4).

The results of measuring the thickness of MS
coatings on Ti6Al4V alloy substrates subjected to
gas abrasive treatment are presented in Figures 2
and 3, respectively.

As shown in Figure 2(a) and Figure 3(a),
the average thickness of niobium-copper and

tantalum-copper coatings of Group 1 (Table II
in Part I of this review (1)), was 2.24 + 0.8 um.
At the same time, the average thickness of
niobium-copper and tantalum-copper coatings of
Group 2 (Table II in Part I of this review (1)), was
10.73 £ 2.8 ym (Figure 2(b) and Figure 3(b)).
From Figures 2 and 3, it can also be concluded
that direct current magnetron sputtering (DC-MS)
makes it possible to obtain coatings of the same
thickness on the rough surface of a titanium alloy
after gas abrasive treatment.

SEM images of MS tantalum-copper coatings
on 3D-printed porous scaffolds are shown in
Figure 4. As seen in Figure 4, MS allows for a
uniform coating on the porous and rough surface
of the scaffold, leaving the pores open, which is
vital for the future ingrowth of the implant into the
bone.

A closer examination of the microstructure of the
MC coating on a porous scaffold (Figure 5) shows
that the coating is formed by spherical particles,
presumably a tantalum-copper alloy since the
shade of grey in the SEM image of these particles
is uniform, that is, there are no individual copper
particles and tantalum particles. As can be seen
from Figure 5, these particles partially melted
completely and coated the substrate with a smooth
layer (Figure 5(a)), but partially have a spherical
shape with a rough surface (Figure 5(b)). As
the particle sizes and their chemical composition
are determined by the MS parameters, mainly
the DC current on the target and the sputtering
distance; further research is required to establish
the relationship between the MS parameters and
the composition of the dual coating, as well as the
morphology of its surface.

The results of EDX analysis, illustratively presented
in Figure 6 and Table I for the niobium-copper
coating, as well as in Figure 7 and Table II

um Fig. 1. Ti6Al4V alloy after
25 gas abrasive treatment:

(a) SEM image; (b) 3D
20 surface topography

0

(a)

(b)
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Fig. 2. SEM images of Ti6Al4V
alloy after gas-abrasive
treatment coated with MS
niobium-copper coating:

(a) Group 1; (b) Group 2
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(b)
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Fig. 3. SEM images

of Ti6Al4V alloy after
gas-abrasive treatment
coated with MS
tantalum-copper coating:
(@) Group 1; (b) Group 2

50pum

(a)

(b)
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Fig. 4. SEM images
of MS tantalum-
copper coatings on
3D printed porous
scaffolds: (a)

the coating from
Group 1; (b) the
coating from Group 2

(b)

for the tantalum-copper coating, show that the
desired component ratios of 75%Nb-25%Cu and
75%Ta-25%Cu were generally achieved.

Based on the results of statistical processing
of EDX analysis data of five spectra for five
specimens of each coating (Table II in Part I of
this review (1)), it was established that for thin

(Group 1) and thick (Group 2) coatings of the
copper-tantalum composition, an approximate
ratio of 75% Ta-25%Cu is maintained with an
average measurement error of 1.05 wt%, while
for both groups of coatings of the copper-niobium
composition the element ratio is approximately
75%Nb-25%Cu with an average measurement
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Fig. 5. SEM images
of the MS tantalum-
copper coating

from Group 1 on
3D printed porous
scaffold: (a) the area
near the scaffold
pore with partially
melted coating
particles; (b)
un-melted coating
particles

Spectruml Flg 6 (a) SEM
image of the
niobium-copper
coating surface
indicating
areas of EDX
analysis, that
is, the location
L 7 14 16 " I8 20 e of the spectra;

(b) the results
of spectrum

(a) (b) analysis

v 0 2 4 6 8
W Full scale 1666 imp. The cursor. 0.000

A : ¥
20 pm ' Electronic image 1

Table I Data (in wt%) of the Normalised Results of EDX Analysis of all Elements in the Spectra
of the Niobium-Copper Coating Shown in Figure 6(a)

Spectrum In stats Cu Nb Total
Spectrum 1 Yes 24.18 75.82 100.00
Spectrum 2 Yes 24.41 75.59 100.00
Spectrum 3 Yes 24.56 75.44 100.00
Spectrum 4 Yes 23.67 76.33 100.00
Spectrum 5 Yes 25.43 74.57 100.00
Mean n/a 24.45 75.55 100.00
Standard deviation n/a 0.64 0.64 -
Max. n/a 25.43 76.33 -

Min. n/a 23.67 74.57 -

Processing option: All elements analysed (normalised). All results in wt%

Fig. 7. (a) SEM image

of the tantalum-copper
coating surface indicating
areas of EDX analysis,
that is, the location of
the spectra; (b) the
results of spectrum
analysis

2 6
Full scale 1234 imp. The cursor. 7.290 (19 imp.)

(a) (b)
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error of 0.85 wt%. It is a rough estimate of the
coating composition, chosen for a pilot experiment
due to the convenience and clarity of the method
to ensure that the MS parameters provide a coating
composition close to the specification; in the future,
a more accurate full spectral analysis of the coating
composition will be carried out. Future research will
focus on optimising parameters and conditions for
DC-MS to achieve coatings with uniform thickness
and precisely controlled composition.

In vitro experiments with agar well diffusion
technique showed that the thicker coatings of
tantalum-copper and niobium-copper from Group 2
were effective in suppressing Staphylococcus aureus
proliferation, with the zones of inhibition ranging
between 17.0-24.0 mm for tantalum-copper and

14.5-25.0 mm for niobium-copper (Figure 8).
On the other hand, the thinner tantalum-copper
coatings from Group 1 also presented a notable
antimicrobial effect, hindering bacterial growth
up to a zone of 20.0 mm. However, the thinner
niobium-copper coatings from Group 1 did not
demonstrate any significant bactericidal activity
(Figure 8).

Similarly, in testing against the Candida albicans
strain (Figure 9), thin tantalum-copper coatings
(Group 1) created a growth delay zone of up to
12.0 mm; thicker tantalum-copper coatings
(Group 2) generated inhibition zones ranging from
13.0 mm to 17.0 mm; and thick niobium-copper
coatings (Group 2) produced a delay zone of up to
15.5 mm. However, thin niobium-copper coatings

Table II Data (in wt%) of the Normalised Results of EDX Analysis of all Elements in the

Spectra of the Tantalum-Copper Coating Shown in Figure 6(a)

Spectrum In stats Cu Ta Total
Spectrum 1 Yes 23.91 76.09 100.00
Spectrum 2 Yes 24.01 75.99 100.00
Spectrum 3 Yes 23.28 76.72 100.00
Spectrum 4 Yes 24.08 75.92 100.00
Spectrum 5 Yes 24.43 75.57 100.00
Mean n/a 23.94 76.05 100.00
Standard deviation n/a 0.41 0.41 -
Max. n/a 24.43 76.72 -
Min. n/a 23.28 75.57 -
Processing option: All elements analysed (normalised). All results in wt%
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30 30
*
c 251 x o 254
€ * E
% 201 = ‘g 204 %
N S *
g — 515 * H =
2 10 2, B3
S S
ey c
E 51 Ta—_Cu Group 1 E 5
8 = ',I\'lab-ccl_:.J GG rﬁupp 21 8 g .ll\—lab-(é:lil (é—lfztpp 11
0- —— Nb-Cu Group 2 0 - = Ta-Cu Group 2
=] Nb-Cu Group 2
up > up wp 2 wp 2 1 1 2 7
1o-CY GO o cu Gro oV Gro o cu Gro e GrouP e GrouP BN GrouP et GrouP

Fig. 8. Evaluation of inhibitory zones for various
coatings against S. aureus growth (* = p value < 0.05
compared to the niobium-copper Group 1)

Fig. 9. Evaluation of inhibitory zones for various
coatings against C. albicans growth (* = p value < 0.05
compared to the niobium-copper Group 1)
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(Group 1) did not show antifungal activity. The
Ti6Al4V titanium alloy after gas-abrasive treatment
did not influence the growth and development of
the bacteria and fungi studied within the given
timeframe. The results are the average of four
independent measurement series, with a relative
measurement error not exceeding 3%.

Consequently, the thicker tantalum-copper
coatings (Group 2) displayed the most significant
antifungal properties and, along with the thick
niobium-copper coatings, also demonstrated the
highest antibacterial properties.

In tests conducted against Candida albicans,
the thinner tantalum-copper coatings (Group 1)
exhibited a notable antifungal effect, creating a
zone of delayed growth extending up to 12 mm.
The thicker tantalum-copper coatings (Group 2)
were even more effective, with inhibition zones
ranging between 13.0 mm to 17.0 mm. Meanwhile,
the thicker niobium-copper coatings (Group 2)
showed a moderate antifungal effect, generating
a delay zone of up to 15.5 mm. In contrast, the
thinner niobium-copper coatings (Group 1) showed
no antifungal activity. Additionally, the Ti6AlI4V
titanium alloy after gas-abrasive treatment did
not exhibit any inhibitory effect on the growth and
proliferation of the bacteria and fungi tested within
the observed period. These findings represent
the mean values derived from four separate
measurement series, maintaining a relative
measurement error within 3%.

Consequently, the results indicate that the thicker
tantalum-copper coatings (Group 2) were the most
effective in inhibiting fungal growth. Additionally,
these thicker tantalum-copper coatings, along with
the niobium-copper coatings in the same group,
demonstrated enhanced antibacterial efficacy. A

similar dependence of antimicrobial properties on
the coating thickness was observed by Ilievska
et al. (5), in which the thicker the MS copper-
containing coating, the higher its antimicrobial
activity.

Since the MS tantalum-copper coating
demonstrated antibacterial and antifungal activity
even at a thickness of 2 um, in contrast to the
thin niobium-copper coating, the concentration of
released copper ions was assessed for both groups
of tantalum-copper coatings on porous scaffolds
to analyse the relationship between the number
of released ions, bactericidal and antifungal
properties and coating thickness. The results of
measuring the concentration of Cu?* released into
a 0.9% sodium chloride solution over 10 days are
presented in Figure 10.

Figure 10 illustrates that the coatings’ thickness
directly impacts the release rate of copper
ions into saline solution, which is important for
their antibacterial and antifungal efficacy. It
is observed that the concentration of released
ions decreases in a nonlinear fashion over time,
indicating a deceleration in the release process.
Notably, despite a significant difference in the
initial concentration of ions released by thick and
thin coatings approximately twice as much for the
former the reduction pattern over time follows
a similar trend for both. Specifically, on the first
day, the concentration of ions decreases by about
1.3 times for thin coatings and 1.2 times for thick
coatings. By the second day, the concentration of
ions released is only 1.09 times higher than on
the third day for both types of coatings. It can be
concluded that the largest number of copper ions
is released within the initial 24 h, followed by a
decrease in the release rate in the subsequent

3.5

Fig. 10. Release of copper ions
into a 0.9% sodium chloride

7, 30 solution within 10 days
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days. The curve fitting for copper ion release
using a power function (as shown in Figure
10) demonstrates a high level of accuracy, with
an approximation accuracy of 97% for thicker
coatings and 94% for thinner coatings. The degree
exponent for the fitting functions are also closely
matched. This suggests that the release dynamics
of copper ions are primarily dictated by the copper
concentration in the coatings rather than by the
coating thickness. In comparing the observed
time-dependent concentration profiles of copper
ion release for these tantalum-copper coatings
with data from the release of copper ions from
MS titanium-copper films (6-8), we see a slightly
different characteristic pattern: rapid release of
copper ions within 24 h from titanium-copper film,
which is responsible for its cytotoxic effect. That
is, for thick coatings (micrometre thickness), there
is @ monotonic decrease in the curve of the time-
dependent concentration profiles of copper ion
release and for thin films (nanometre thickness),
there is a sharp decrease (6-8). This dynamic
release of copper ions is crucial for preventing
periprosthetic infections immediately following the
implantation of an endoprosthesis. The sustained
release profile observed in Figure 10 suggests a
promising approach to effectively prevent infections
after surgery since infections can develop up to
four weeks post-implantation.

However, the number of copper ions released
from tantalum-copper coatings with a micrometre
thickness is significantly (almost 5-6 times) higher
than the concentrations measured in studies (6-
8)) for thin titanium-copper films. On one hand,
this could be due to the high surface roughness of
the tantalum-copper coated specimens. Zietz et
al. (8) noted an increase in copper concentration

in the supernatant liquid for rough surfaces due
to the increased area in contact with the liquid:
compared to a polished surface, a corundum-
blasted surface released approximately three
times more copper ions within 24 h. On the
other hand, it could be due to the thickness of
the coatings and the weight percent copper in
the coating and may indicate the cytotoxicity of
such coatings to osteoblast cells. As previously
mentioned in the Introduction section, Ilievska et
al. (5) demonstrated that the content of copper
ions released from copper oxide films, applied for
both 5 min and 10 min, was within the safe range
for cell viability for the MG-63 cell line, whereas
coatings applied for 15 min were cytotoxic to MG-
63 cells, as cell viability decreased to about 60%,
unlike pure titanium. Apparently, the question
of balancing between cytotoxicity properties
and the biocompatibility of coatings should be
resolved based on in vitro testing data, guided
by the fact that the release of a large number of
copper ions can be harmful to cells and taking
into account the ISO 10993-5 standard (9),
according to which a reduction in cell viability of
more than 30% compared to the control can be
considered significantly cytotoxic. Analysing the
data presented in Figure 10, it can be suggested
that there should be an aim to reduce both the
thickness of the coatings and, possibly, the weight
percent copper in the coating in order to decrease
the concentration of released copper ions. This
issue requires further study.

Figure 11 shows specimens of tantalum-copper
coatings (Group 2) on porous scaffolds and a control
PP disk in a Candida albicans nutrient solution at
the beginning (Figure 11(a)) and at the end of in
vitro tests (Figure 11(b)).

Fig. 11. Tantalum-copper
coatings (Group 2) on
porous scaffolds and
control PP disk in Candida
albicans nutrient solution:
(a) at the beginning of
Day 1; (b) at the end of
Day 3 of in vitro testing

(a)

(b)
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After the third day of in vitro testing, visible blue
deposits were observed on the coatings, as shown
in Figure 10(b). These deposits are presumed
to be hexaaqua copper(Il) ions (Cu(H,0)s)?*,
known for their characteristic blue colour, a finding
supported by the research of Stranak et al. (6).
The presence of these blue deposits on all coatings,
observed during in vitro resistance tests against
both fungal and bacterial strains, unequivocally
confirms the release of copper ions into the
solution. This observation not only demonstrates
the coatings’ active release of copper but also
visually substantiates their potential antimicrobial
efficacy.

Comparing the zones of inhibition of
Staphylococcus aureus bacteria observed in this
experiment for MS thick coatings (10 pm thick):
up to 24.0 mm for tantalum-copper and up to
25.0 mm for niobium-copper and thin coatings
(2 pm thick): up to 20 mm for tantalum-copper
and 0 for niobium-copper, as well as the previously
observed inhibition zones of up to 17.5 mm for
2%Ti-98%Cu coatings with an average thickness of
5.5 um on substrates of the Ti6Al4V alloy subjected
to gas abrasive treatment (10), we can conclude
that that the most promising antibacterial MS
coating is a thin tantalum-copper coating (Group 1).
At the thinnest thickness, 75%Ta-25%Cu coating
demonstrates good antibacterial activity, providing
zones of inhibition of Staphylococcus aureus
bacteria of approximately the same order as five
times thicker coatings of the same composition
or 75%Nb-25%Cu coating, better than 2.5 times
thicker 2%Ti-98%Cu coating and better than
75%Nb-25%Cu coating of the same thickness,
which does not inhibit bacteria at all.

The results obtained in this study on the
antibacterial activity of thick MS tantalum-copper
and niobium-copper coatings are generally
consistent with the results of Stranak et al. (6, 11)
and Wojcieszak et al. (12, 13), who received
thin MS copper-titanium coatings varying from
20 wt% to 80 wt% copper contents demonstrated
pronounced antimicrobial activity  against
S. aureus, while remaining relatively non-toxic
to the human osteoblast cell line. However, the
issue of copper content in dual MS coatings with
a thickness in the micrometre range requires
further research. We believe that the copper
content of thick MS coatings should be reduced
to reduce the number of copper ions released and
minimise the risk of cytotoxicity to osteoblasts.
This can be achieved by reducing the power at the
copper target in the magnetron, according to the

paper’s results (14), which demonstrated a linear
relationship between the power at the target and
the content of the target element in the coating.
According to our preliminary studies, by reducing
the DC on the copper target by 0.5 A, the copper
content in the coating can be reduced by two
times, while other deposition parameters remain
unchanged.

Also, the results of this study confirm the
prospects of using tantalum as a second component
for the production of antibacterial tantalum-copper
MS coatings. Pure tantalum exhibits superior
biocompatibility and corrosion resistance properties
as a material for MSP coatings on gas-blasted
Ti6Al4V alloy, better than CP-Ti (15). At the same
time, due to the high specificdensity and large elastic
modulus tantalum, in the production of implants, it
is used only in the form of porous scaffolds, which
makes it possible to lower the elastic modulus and
reduce the weight of the implant (16) and due to
its high cost, tantalum is most promising for use as
thin coatings. Further research is needed regarding
the recommended percentage by weight of copper
in the tantalum-copper coating, with analysis of
the release of ions from the coating and in vitro
testing of the antibacterial activity of coatings of
different compositions.

Future Research Perspectives

The research will further examine how the
composition (specifically, the weight percent
copper) and thickness of tantalum-copper and
niobium-copper coatings impact their bactericidal
and biocompatibility properties, aiming to elucidate
the underlying mechanism of this influence.
Additionally, the study will be augmented by
analysing the phase composition of the coatings
and the effect of phase composition on the release
of copper ions in a physiological solution.

Future in vitro analyses will be designed to
quantify the zone of inhibition for each test day,
providing a comprehensive view of antimicrobial
activity over time. This will involve measuring the
diameter of the zones where bacterial or fungal
growth is successfully inhibited, directly indicating
the antimicrobial agent’s efficacy. Additionally,
these measurements will be closely correlated with
the concentration of Cu?* ions released into the
environment.

Further research will also explore the kinetics of
copperion release, investigating how factors such as
coating thickness, surface porosity and underlying
material composition influence the release profile.
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This will include assessing the sustainability of the
antimicrobial effect over extended periods, which is
crucial for applications in endoprosthesis implants
where long-term protection against infection is
paramount.

The research strategy encompasses the fabrication
of three distinct scaffold types, each characterised
by varying levels of porosity, utilising the selective
laser melting (SLM) technique. The objective is to
systematically assess how these scaffolds’ porosity
and surface roughness influence the antibacterial
efficacy of magnetron-sputtered tantalum-copper
and niobium-copper coatings. This evaluation
will provide critical insights into optimising the
SLM parameters for crafting bactericidal coatings
with enhanced performance. By comprehensively
analysing the impact of scaffold porosity and
surface texture on the antibacterial properties,
the study aims to establish specific guidelines
for selecting SLM parameters that maximise
the antimicrobial effectiveness of MS coatings.
Additionally, this investigation will delve into
understanding the underlying mechanisms by which
these structural characteristics of the scaffolds
affect the antibacterial activity, contributing to the
development of more effective and reliable surface
treatments for medical implants.

The adhesion value of MS coatings will be
measured via a conventional tensile test. For this
purpose, solid cylindrical tensile test specimens
will be 3D printed from Ti6Al4V alloy powder with
the same SLM parameters that were used in the
manufacture of porous scaffolds. It should be
noted that usually, the uncoated surface of tensile
test specimens is pre-sandblasted to improve the
adhesion of glued parts (17, 18); however, this is
not planned for 3D printing, since a high surface
roughness is expected, higher than that of the
Ti6Al4V alloy after gas abrasive treatment (19).

A study of the corrosion resistance of scaffolds
with MS coatings in physiological solution, in vitro
testing of biocompatibility and in vivo studies with
laboratory animals will be conducted to assess the
suitability of MS coatings as both biocompatible and
bactericidal coatings for titanium endoprosthesis
implants.

Conclusion

Research demonstrates that utilising dual DC-MS
allows for the precise deposition of coatings with
specific compositions, namely 75%Ta-25%Cu
and 75%Nb-25%Cu, onto porous Ti6Al4V alloy
scaffolds. These scaffolds, characterised by a 72%

porosity and a pore diameter of 720 um, as well
as Ti6Al4V alloy surfaces treated with gas abrasion
to achieve a Sa of 4.6 + 1 ym, effectively receive
these targeted coatings. This technique showcases
the ability to apply uniform and specified coatings
on substrates with varied textures and porosities,
highlighting its versatility in preparing surfaces for
enhanced biomedical applications.

In this study, MS coatings of 10 um thickness
demonstrated varying degrees of antimicrobial
efficacy over three days of testing: tantalum-copper
coatings achieved maximum zones of inhibition
of 24.0 mm against Staphylococcus strains and
17.0 mm against Candida albicans, while niobium-
copper coatings reached 25.0 mm and 15.5 mm,
respectively. Conversely, tantalum-copper coatings
at a reduced thickness of 2 ym effectively inhibited
bacterial growth up to 20.0 mm and fungal growth
to 12.0 mm, whereas niobium-copper coatings of
the same thinness and Ti6Al4V alloy substrates
showed no inhibitory effect on either bacteria or
fungi. These findings highlight three key points:
first, thicker tantalum-copper and niobium-
copper coatings are more effective at resisting
bacterial and fungal infections; second, optimal
antimicrobial efficacy of MS coatings on textured
surfaces might require thickness in the micrometre
range for coating integrity; and third, tantalum-
copper coatings are superior for safeguarding
endoprosthesis from microbial infections, offering
comparable inhibition zones to niobium-copper
coatings at one-fifth the thickness.

The time dependence of Cu?* ions released
into physiological solution from tantalum-copper
coatings on porous scaffolds over ten days had a
similar monotonically decreasing form for coatings
of 10 um and 2 um thickness and was characterised
by the largest number of ions released in the
first 24 h: 3.07 £ 0.09 mmol I for thicker and
1.64 + 0.08 mmol I for thinner coatings, showing a
direct correlation between coating thickness and their
antifungal and antimicrobial efficacy. This release
pattern aligns with the growth inhibition zones of
both fungal and bacterial strains, highlighting its
potential for effectively preventing post-surgical
bacterial or fungal infections in endoprosthesis
implantation. These findings underscore the
potential of integrating 3D printing with MS coating
technologies to produce endoprosthesis implants
with enhanced surface resistance to both bacteria
and fungi. However, further research is needed
to find a balance between the biocompatibility
and antibacterial activity of the coatings since the
number of released copper ions is significant and
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indicates the potential cytotoxicity of the coatings to
osteoblast cells. This possibility can be mitigated by
reducing the copper content and coating thickness.
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