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ABSTRACT

This study evaluates the antibacterial properties and physicochemical characteristics of —tantalum-copper (Ta-Cu) coatings deposited on titanium
alloy substrates using high-power magnetron sputtering. Implant-associated infections, particularly those caused by bacterial adhesion and biofilm
formation, pose significant challenges in the field of orthopedic and dental implants. To address these issues, Ta-Cu coatings with varying copper
content (~3.0 wt%, ~10 wt%, ~17 wt% for TaCu-1, TaCu-2, and TaCu-3, respectively) and different thermal treatment conditions (400 °C, 500 °C,
600 °C) were assessed for their antibacterial efficacy against Escherichia coli, Staphylococcus aureus, Salmonella enterica, and Pseudomonas aeruginosa.
The study utilized both the diffusion into agar method and the time-kill test to evaluate antibacterial activity. Results indicate that the TaCu-2
sample, particularly when annealed at 600 °C, demonstrated the highest bactericidal activity, especially against E. coli and P. aeruginosa. The
findings highlight the critical role of optimizing both copper content and annealing temperature in enhancing the antibacterial properties of Cu-Ta
coatings, making them promising candidates for preventing implant-associated infections.

1. Introduction

Implant-associated infections are the leading cause of post-surgery complications and the failure of dental and orthopedic implants.
Additionally, aseptic loosening at the implant/tissue interface is an emerging issue that results in the softening of bone tissue,
compromising the long-term stability and function of the implant [1-3].

Providing osteoconductive and, at the same time, antibacterial properties for implants is one of the possible solutions. Thus,
developing implants that stimulate bone tissue growth and prevent bacteria growth is an emerging task that motivates researchers to
modify implant surfaces [4-7].

Traditional coatings with osteoconductive bioceramics often lead to cracks, rapid wear, and long-term instability due to their
inherently low shear strength. While surface topographies designed to enhance osteogenic differentiation can promote bone growth,
they fail to prevent bacterial attachment and colonization, mainly because of the size difference between osteoblasts and bacteria.
Therefore, there is an urgent need to develop smart implant surfaces that enhance both osteogenesis and antibacterial activity
simultaneously.

Implant-associated infections are typically caused by bacterial adhesion and biofilm formation on the implant surface. Bacteria
within biofilms can resist the host’s immune responses and are less susceptible to antibiotics. Bacterial infections caused by the gram-
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positive species Staphylococcus aureus and Staphylococcus epidermidis often result in the formation of persistent biofilms, which are
challenging to eliminate with conventional antibiotics. Such periprosthetic infections are a common complication following joint
replacements with titanium implants and can exacerbate the inflammatory response caused by the implant, leading to severe issues
such as increased antibiotic dosage or the need for reoperation. This not only harms patients but also places a significant burden on
healthcare systems worldwide[3,8-10].

With over 1.5 million primary joint replacements performed globally each year, despite antiseptic measures and antibiotic pro-
phylaxis, these infections can occur in up to 2 % of patients after primary total hip replacement and up to 4 % after primary total knee
replacement, with even higher rates following revision arthroplasty. Current treatments for periprosthetic joint infections, such as
implant removal, thorough cleaning, and high-dose systemic antibiotics, may lead to secondary morbidity without guaranteeing a cure
[11].

The periprosthetic bacterial infections preserve the biocompatibility and osseointegration of titanium implants, it is crucial to
prevent bacterial biofilm formation on implant surfaces. Biofilms form when bacteria adhere to surfaces and secrete an extracellular
polymer matrix, making bacterial adhesion the first and most critical step in this process. Once attached and biofilm is formed, bacteria
become resistant to the host immune system and antibiotic treatment, contributing to persistent infections. Staphylococcus epidermidis,
in particular, is known for its strong ability to form adherent biofilms on artificial surfaces like joint prostheses [12,13].

Current research is exploring ways to impart antibacterial properties to orthopedic devices by coating them with metal particles
(such as copper, silver, zinc, cobalt, aluminum, and mercury ions), antibiotics, antibacterial solutions, antibacterial bioactive poly-
mers, or nitric oxide-releasing coatings. However, challenges in implementing these technologies include cytotoxicity, poor adhesion,
microstructural heterogeneity of the coatings, and the complexity of coating methods. Among antibacterial metals, copper has shown
excellent antibacterial properties in vitro while maintaining an acceptable cytotoxicity profile. Copper is noted for its lower toxicity
and higher cytocompatibility compared to other metals, and it is metabolized rather than accumulating in the human body.

A thin film containing copper can prevent early biofilm formation on implant surfaces and reduce the risk of periprosthetic
infection. Additionally, copper is relatively inexpensive compared to silver and has excellent conductivity, making it suitable for
various application methods, such as electrolytic deposition, thereby reducing overall technology costs. Studies have demonstrated
that copper deposition on titanium surfaces results in films with antibacterial properties, as evidenced by reduced numbers of
planktonic and adherent Staphylococcus epidermidis and Staphylococcus aureus bacteria [14,15].

However, copper (Cu) can be toxic to mammalian cells in a concentration-dependent manner and may cause adverse tissue effects
in vivo. For instance, a study using titanium (Ti) samples coated with electroplated copper demonstrated stronger acute inflammatory
responses compared to untreated controls during the first three days post-implantation in rats. Therefore, it is crucial to minimize these
side effects to reduce the impact on peri-implant tissue while maintaining antibacterial properties. Various studies have explored
different approaches to achieve non-cytotoxic antibacterial Cu coatings. These methods primarily involve controlling the copper
content of the implant coating and embedding metallic copper nanoparticles into the matrix, preventing the release of toxic particles
from the implant surface [12,14-18].

Wojcieszak et al. investigated the effect of surface properties of thin Cu-Ti films on antimicrobial activity and cell viability. They
conducted a comprehensive analysis of the impact of material composition on the structure and surface properties of nanocrystalline
bioactive coatings based on Cu and Ti, which were obtained via pulsed direct current magnetron sputtering. The study examined the
antimicrobial activity of films with varying copper contents (25-75 wt%) against E. coli and S. aureus and found that all the films
exhibited bactericidal properties. However, the cytotoxicity of the films was related to their Cu content. The bioactivity of the coatings
was associated with ion migration processes and the oxidation state of copper ions, specifically the presence of Cu'™ ions. Since the
experiments were only conducted over two days, there is no guarantee that Cu'* will not later oxidize into the more stable Cu®* form.
The study highlighted the importance of copper content in influencing the viability of the L929 cell line, concluding that by controlling
copper content, it is possible to create bioactive Cu-Ti coatings with the desired biological effects on various microorganisms using
magnetron sputtering [19,20].

Kratochvil et al. prepared Cu/C:F nanocomposites using physical vapor deposition on polyether ether ketone (PEEK) substrates.
They found that these nanocomposites, with the optimal amount of Cu and C:F barrier thickness, exhibited strong antibacterial activity
against Escherichia coli (E. coli) while remaining harmless to MG63 cells, thus demonstrating both antibacterial and biocompatible
properties. The study revealed that the antibacterial efficiency of the coatings decreased as the C:F barrier thickness increased. The Cu/
C:F nanocomposite effectively prevented biofilm formation on the PEEK substrate by reducing bacterial metabolic activity, which
aligns with previous findings for Ag/C:F coatings with similar architecture [21].

Several works were dedicated to studying the potential of copper-based coatings to enhance titanium implants’ antibacterial
properties and durability. The findings demonstrated that copper-containing coatings obtained by micro-arc oxidation methods can
significantly improve the resistance of titanium alloys’ surfaces to bacterial contamination. However, the studies also highlight the
need to balance this antibacterial effect with biocompatibility, as copper release can trigger moderate inflammatory responses in
surrounding tissues [22-24].

Norambuena et al. have shown that two-component Cu-Ti thin films produced via magnetron sputtering, particularly pulsed
magnetron sputtering, exhibit significant antimicrobial activity against E. coli and S. aureus. However, the antimicrobial effectiveness
and cytotoxicity of these films depend on their Cu content, which varies widely according to different authors, ranging from 20 wt% Cu
to 80 wt% Cu [25].

In recent years, coatings made from various metals, such as tantalum, niobium, and zirconium, have been used to modify the
surface of biomedical products. The interest in coatings containing tantalum and niobium is due to their excellent corrosion resistance,
good biocompatibility, and wear resistance.
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Bahrami et al. investigated the mechanical properties and microstructural stability of Cu-Ta binary coatings. Coatings with a Ta
content below 67 atomic percent (at.%) exhibited a notable increase in hardness, while their elastic moduli remained nearly un-
changed. This effect may be related to enhanced toughness. It was found that the presence of Cu nanocrystallites within the amorphous
Ta-rich Cu-Ta matrix could increase the ductility compared to glassy Cu-Ta coatings, and preserve after vacuum annealing at 550 °C, 1
h [26].

Guo et al. demonstrated that an amorphous copper-niobium alloy thin film, deposited from a CuNb (50/50 at.%) powder target
using direct current (DC) magnetron sputtering, could achieve a hardness of 11.8 GPa and an elastic modulus of 198 GPa [27].

Tantalum (Ta) has been widely used as a bone graft substitute, in cranioplasty plates, suture wires, radiographic bone markers, and
coatings for enhanced osseointegration in orthopedic and craniofacial surgery. Its popularity is due to its exceptional biocompatibility,
corrosion resistance, and osteoconductivity. Nanostructured Ta surfaces have also been shown to influence fibronectin adsorption and
direct cell-surface interactions, such as cell proliferation, focal contact assembly, and filopodia expression. Therefore, depositing a
nanostructured Ta thin film on micropatterned Ti may further enhance new bone formation. Importantly, the immiscibility of Cu and
Ta allows for two-phase coexistence, which prevents the formation of intermetallic compounds or solid solutions in the deposited metal
films, thus enhancing antibacterial efficacy [28,29].

The primary objective of this study was to comprehensively evaluate the release of copper ions and the antibacterial efficacy of Ta-
Cu coatings against Staphylococcus aureus, Pseudomonas aeruginosa, and Candida albicans in vitro. These coatings were applied to ti-
tanium alloy substrates, focusing on varying the copper content and optimizing the treatment parameters to achieve a superior
antibacterial effect at lower Cu content (~3.0 wt%, ~10 wt%, ~17 wt%). A key innovation of this research is the application of high-
power magnetron sputtering, a technique that closely mimics industrial implant manufacturing conditions. This approach enhances
the relevance of our findings to real-world applications and allows for a more accurate determination of the optimal production
conditions for these advanced coatings. The study underscores the critical importance of understanding and controlling the mechanical
and chemical properties of the materials to design coatings that meet the stringent demands of biomedical applications, particularly in
preventing implant-associated infections.

2. Materials and methods

Magnetron Sputtering. The experimental setup for thin film deposition and subsequent thermal treatment is illustrated in Fig. 1. Thin
films were deposited using an EPOS-PVD-440 system (Beams&Plasmas, Russia) equipped with three DC magnetrons, each with di-
mensions of 472 mm x 132 mm x 18 mm. The TaCu thin films were deposited onto (100) Si wafers, which were pre-coated with a 100
nm titanium layer. The TaCu films were produced through co-sputtering from high-purity copper (99.999 %, Ulba LLP) and tantalum
(99.999 %, Ulba LLP) targets. The DC magnetron power for the tantalum target was fixed at 2 kW, while the copper content in the films
was controlled by varying the power supplied to the copper magnetron (0.33 kW, 0.46 kW, and 0.8 kW) across three different ex-
periments. The resulting samples were designated as TaCu-1, TaCu-2, and TaCu-3, respectively. The deposition process was carried out
for 60 min, with a base pressure of 7 x 107° bar and a working pressure of 1.8 x 107 bar. The substrate rotation speed was maintained
at 8 rpm, and the distance between the magnetrons and the substrate was ~300 mm. Following deposition, the samples were annealed
at temperatures of 400 °C, 500 °C, and 600 °C for 1 h under vacuum conditions, with a pressure of 2 x 107° bar. The resulting samples
were designated as TaCu-#/temperature, i.e TaCu-1/400.

Samples characterization. The nanostructure and morphology of the samples were analyzed using a field emission scanning electron
microscope (FESEM) (Zeiss, Germany), which is equipped with an energy dispersive (EDS) chemical composition analyzer from Oxford
Instruments (UK). The phase composition was assessed through low-angle X-ray diffraction (XRD) with a Rigaku SmartLab diffrac-
tometer utilizing a Cu Ka X-ray source (Japan).
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Fig. 1. Schematic illustration of the experimental design.
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Diffusion into agar. The autoclaved Mueller-Hinton nutrient medium was poured into sterile Petri dishes, forming a layer 4 mm
thick. The dishes were left at room temperature to solidify. A suspension of the test microorganisms (inoculum) was then prepared
using a pure, daily culture grown on a solid nutrient medium. Several identical, well-isolated colonies were selected, and a small
amount of material from the tops of the colonies was transferred with a loop into a test tube containing sterile physiological saline,
adjusting the inoculum density to 0.5 according to the McFarland standard, equivalent to 1.5 x 108 CFU/ml. The inoculum was applied
to the surface of the nutrient medium in the Petri dish using a pipette, distributing it evenly by shaking the dish, and then the excess
was removed. The dishes were left slightly open to dry for 10 min at room temperature. Test materials were applied to the surface of the
nutrient medium using sterile tweezers. After sample application, the Petri dishes were placed in an incubator and maintained at 35 °C
for 24 h. After incubation, the zones of growth inhibition were measured on a matte surface with an accuracy of 1 mm. Antagonistic
activity was categorized as follows: zero when the zone of growth inhibition was up to 5 mm, low for 5-10 mm, moderate for 10-17
mm, and high for 17 mm or more.

Method for Joint Cultivation of Target Microorganisms with Experimental Samples (Time-Kill Test). This test is detailed in document
M26-A by CLSI [30]. Samples (1 ml) were added to test tubes containing a liquid nutrient medium inoculated with the target mi-
croorganisms at a concentration of 5 x 10° CFU/ml, and incubated in a shaker at 37 °C for 24 h. The medium containing the test strain
without the addition of samples served as the control. The percentage of dead cells relative to the growth control was calculated at
different time intervals (0, 1, 6, 10, and 24 h). For this, 100 pl of bacterial suspension were taken from each test tube, plated on nutrient
agar, and incubated at 37 °C for 48 h to count the colony-forming units (CFU/ml) and determine the number of viable cells. The
reduction in bacterial numbers was calculated using the following formula: R (%) = (A - B)/A x 100 %, where R represents the
percentage reduction in bacterial count, A is the number of bacteria in the control group (without the test materials), and B is the
number of bacteria in the test tubes with the experimental materials. A bactericidal effect is considered to be achieved if there is a 90 %
reduction in cell count within 6 h, equivalent to 99.9 % reduction within 24 h [31]. Each experiment involved 4 samples and 4 test
strains of microorganisms Gram-negative (Salmonella enterica NCTC 6017, Escherichia coli ATCC 8739, Pseudomonas aeruginosa ATCC
9027) Gram-positive (Staphylococcus aureus ATCC 6538) all obtained from the American Type Culture Collection.

Statistical analysis. The results are presented as means + standard deviations. Comparisons between multiple groups were con-
ducted using two-way ANOVA to evaluate the effects of treatment temperature, Cu concentration, and bacterial strain on the inhibition
zones. When significant differences were detected, post-hoc analyses were conducted to identify specific group differences. A sig-
nificance level of P < 0.05 was applied to determine statistical significance. All statistical analyses were performed using Python with
the statsmodels and scipy libraries.

The ions release assessment. The samples were tested by immersion 5 x 5 mm substrates in 20 ml SBF solution for 7 days and kept at
37 °C. The SBF solution was prepared according to Kokubo et al. [32]. The assessment of released ions was performed at day-1, 3 and 7
by inductively coupled plasma mass spectrometer ICP-MS Agilent 7500cx (Agilent Technologies, USA).
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Fig. 2. The morphology and crystal structure of obtained thin films. SEM images of the thin films at different annealing temperatures: a) top view of
the TaCu-1; b)cross-section of the TaCu-1; c) top view of the TaCu-2; d)cross-section of the TaCu-2; ) top view of the TaCu-3; f)cross-section of the
TaCu-3; g) XRD patterns of the thin films.
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3. Results and discussion

Fig. 1 shows the schematic design and fabrication of the thin films of the bicomponent TaCu with altering copper content. As it is
shown in Fig. 2, the widths for TaCu-1, TaCu-2, and TaCu-3 were ~1.1 pym, ~0.7 pm, and ~0.8 pm, respectively. The high-power
magnetron sputtering was applied to thin film deposition. As can be seen, the deposition parameters greatly influence the
morphology. It is noted that the grain size decreases with an increase in copper content. At the same time, the thin films with increased
copper content look more porose. These changes might be explained by hindering the movement of grain boundaries, leading to
smaller grain sizes by copper atoms. This occurs because the additional copper atoms create more nucleation sites, where new grains
can start growing, but they also inhibit the coalescence of these grains into larger structures. As a result, with more copper, the average
grain size tends to decrease [33,34]. Moreover, incorporating copper can introduce stress and strain within the film due to differences
in atomic sizes and lattice parameters between the base material and copper. This mismatch can lead to the creation of voids or defects,
increasing the porosity [35,36].

The XRD graph shows (Fig. 2g) diffraction patterns for TaCu thin films, analyzed across various samples with differing copper
content and annealed at 400 °C, 500 °C, and 600 °C. As the annealing temperature increases, the XRD peaks become sharper and more
defined, indicating enhanced crystallinity. The peak at 33.5972° was identified as Copper Titanium (330) phase, 38.3454°as Tantalum
(110), and the peak at 43.3102° as Copper (111), suggesting the presence of these compounds in the material [37]. The increased
intensity of the XRD pattern for TaCu-1/400 might indicate the optimal annealing temperature for the formation of the crystalline
structure of Copper Titanium (330) and Tantalum (110) body-centered cubic phases. The changes in peak positions and intensities
suggest the development of different crystalline phases and structural modifications in response to the varying temperatures and
copper content [38]. The broadening of XRD peaks indicates a considerable presence of amorphous phases, with higher temperatures
leading to more well-formed and distinct phases. The differences between the samples with varying copper content suggest that the
copper concentration plays a crucial role in determining the crystalline phases and their stability within the TaCu thin films.

The variation in the presence of the Copper Titanium (330) phase with changes in copper content and annealing temperature might
be explained by temperature influences on phase stability. At room temperature, 400 °C, and 600 °C, higher copper content seems to
disrupt the stability of the Copper Titanium (330) phase. This could be due to an excess of Cu atoms hindering the phase’s nucleation
and growth, with the higher Cu levels instead favoring the development of Cu-rich or amorphous regions rather than the stable Copper
Titanium (330) structure [39].

In contrast, the intermediate annealing temperature of 500 °C may create optimal conditions for the Copper Titanium (330) phase
to form and stabilize, even with higher Cu content. This temperature likely provides adequate thermal energy to allow atomic diffusion
and ordering necessary for phase formation, without reaching the mobility levels at 600 °C, which could lead to phase dissolution or an
amorphous state. Thus, 500 °C may offer a balanced environment that promotes the crystallization and growth of the Copper Titanium
(330) phase, supported by favorable atomic arrangements in samples with increased copper content [39,40].

The SEM-EDS images of the cross-sectional views of three different samples with corresponding elemental analysis are provided in
Fig. S1. The EDS spectra on the right side of each sample provide elemental composition analysis along the line scan indicated in the
SEM images. In TaCu-1, the EDS data likely reveal the presence of elements associated with the smooth layers and columns, showing a
consistent elemental distribution. In the samples TaCu-2 and TaCu-3, the EDS spectra may indicate a more mixed or uneven distri-
bution of elements, reflecting the rougher and less uniform microstructure seen in the SEM images. These changes in microstructure
and elemental distribution can significantly impact the material’s performance as bactericidal agent.

Table 1 presents the elemental composition, in weight per cent (Wt.%), of TaCu thin film samples with varying copper content
before and after annealing at 600 °C. The samples, labelled TaCu-1, TaCu-2, and TaCu-3, show an increasing amount of copper (3.2 %,
9.6 %, and 19.6 %, respectively) with a corresponding decrease in tantalum content (95.5 %, 89.1 %, and 79.1 %). Oxygen content
remains consistent at 1.3 % across all samples. After annealing at 600 °C, denoted by the "/600" suffix, the elemental compositions
remain similar, with slight variations in tantalum and copper content and a slight increase in oxygen content for sample TaCu-3/600.
The adsorbed oxygen might explain the presence of oxygen in EDS spectra.

The antibacterial activity of the TaCu thin films was assessed by two complementary testing methods: diffusion into the agar and
the time-kill test. The diffusion into agar method involves placing a sample on a well on an agar plate inoculated with bacteria. As the
substance diffuses through the agar, it inhibits bacterial growth, and the size of the inhibition zone around the sample measures the
effectiveness. The main advantages of this method include its simplicity, ease of use, and the ability to assess antibacterial activity
visually.

The comparative analysis of the antibacterial activity against four bacterial strains E. coli, S. aureus, S. enterica, and Ps. aeruginosa of

Table 1

The elemental composition assessed by EDS of the thin films.
Sample Ti, wt.% Ta, wt.% Cu, wt.% 0O, wt.% Total, wt.%
TaCu-1 0 95.5 £ 0.2 3.2+0.2 1.3+0.1 100.0
TaCu-2 0 89.1 +£ 0.2 9.6 £ 0.2 1.3+0.1 100.0
TaCu-3 0.1 79.1 £ 0.2 19.5 £ 0.2 1.3+0.1 100.0
TaCu-1/600 0.6 + 0.01 94.7 £ 0.3 3.4+0.2 1.3+£0.1 100.0
TaCu-2/600 0.4 £ 0.01 89.0 £ 0.4 9.4 +0.31 1.2 +0.2 100.0
TaCu-3/600 1.2+0.1 78.5+ 0.2 17.3 £0.1 3.0£0.2 100.0
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the TaCu thin films assessed by diffusion into agar are given in radar charts in Fig. 3. The TaCu-1 shows minimal antibacterial activity
against the four bacterial strains, with slight variations depending on the annealing conditions Fig. 3a. There is a slight increase as the
thermal treatment is applied (TaCu-1,/400 to TaCu-1/600), but overall, the antibacterial activity remains low across all bacteria. The
TaCu-2 displays the highest antibacterial activity among the three TaCu thin films, particularly against Gram-negative E. coli,
S. enterica and Ps. Aeruginosa, Fig. 3b. A detailed statistical analysis is given in Table S1, supplementary data. However, the activity
against Gram-positive S. aureus remains relatively lower than that of Gram-negative bacteria. The TaCu-3 exhibits slightly lower
antibacterial activity than TaCu-2, especially against Gram-negative E. coli and Ps. Aeruginosa, however antibacterial activity against
Gram-positive S. aureus remains relatively same with TaCu-2/600 Fig. 3c. The images of bacterial growth inhibition radius in agar for
all samples and numerical values are given in Table S1 in supplementary data.

Even though diffusion into agar primarily provides qualitative or semi-quantitative data, the substance’s diffusion can be incon-
sistent, potentially leading to variable results. Additionally, this method may be unsuitable for substances with low infusibility in agar.
In contrast, the time-kill test offers a more detailed quantitative analysis of antibacterial activity by measuring the reduction in
bacterial count over time. In this method, the test substance is incubated with bacteria in a liquid medium, and samples are taken at
different time intervals to determine the number of viable bacteria, which is then plotted to assess the rate of bacterial killing. This
method is particularly useful for understanding the kinetics of bacterial killing, making it valuable for pharmacodynamic studies.
However, it is more labor-intensive and requires more complex data analysis than the diffusion method. The time-kill test is ideal for
in-depth studies where a detailed understanding of bactericidal activity is needed. However, high-throughput screening may be less
practical due to its time and resource requirements.

The results of time-kill tests for the thin films against four bacterial strains: Escherichia coli, Pseudomonas aeruginosa, Salmonella
enterica, and Staphylococcus aureus are given in Fig. 4. The inhibition rate (%) is plotted over time (hours), providing insights into the
bactericidal effectiveness of these samples. The inhibition rate of E. coli increases significantly over time, with a marked difference at
the 24-h mark, see Fig. 4a. Among the samples, TaCu-2/600 shows the highest inhibition rate, approaching ~75 % after 24 h, indi-
cating bactericidal solid activity against E. coli. TaCu-3/500 and TaCu-3/600 also exhibit notable inhibition, but the effectiveness of
TaCu-1 is relatively lower across all conditions.

Similar to E. coli, the inhibition rate against P. aeruginosa increases over time, but the overall effectiveness is slightly lower
compared to E. coli. TaCu-2/600 demonstrated the highest inhibition rate, followed by TaCu-3/600, see Fig. 4b. The lower inhibition
rates of TaCu-1 suggest that its bactericidal activity against P. aeruginosa is weaker than that of the other samples.

The inhibition rates against S. enterica are generally lower across all samples and conditions, with most samples showing modest
activity even after 24 h, as shown in Fig. 4c. However, TaCu-2/600 demonstrated the highest inhibition rate, though it is significantly
lower than its effectiveness against E. coli and P. aeruginosa. This indicates that S. enterica is more resistant to these samples, partic-
ularly to TaCu-1.

The inhibition rates against S. aureus exhibit a trend close to that observed for S. enterica, with moderate activity overall. TaCu-2/
600 and TaCu-3/600 show relatively higher inhibition rates, but the effectiveness is still below that observed for E. coli and
P. aeruginosa. The lower performance of TaCu-1 suggests it is the least effective sample across all bacterial strains.

The time-kill test results suggest that the antibacterial activity of the TaCu samples varies significantly depending on the bacterial
strain, sample composition, and treatment conditions. The detailed statistical analysis is given in Table S2, supplementary data. TaCu-
2/600 consistently demonstrates the highest bactericidal activity across all strains, particularly against Gram-negative and Gram-
positive bacteria. This indicates that the composition of TaCu-2 annealed at 600°C for 1 h was optimal for antibacterial effective-
ness. On the other hand, S. aureus appears more resistant to these samples, as reflected by their lower inhibition rates. The lower
effectiveness of TaCu-1 across all conditions suggests that it is less suitable for applications requiring vigorous bactericidal activity.
Overall, the time-kill test highlights the importance of both sample composition and treatment conditions in determining antibacterial
efficacy, with TaCu-2/600 emerging as the most potent combination.

Thus, the materials exhibited antibacterial activity against the tested bacteria, as evidenced by the suppression of their specific
growth rates and reduced colony-forming units. Notably, the bactericidal effect of the samples was more pronounced against Gram-
positive bacteria than Gram-negative bacteria. This difference is likely due to the presence of an outer membrane in Gram-negative
bacteria, which acts as a barrier and provides greater resistance to the components in the material.

E. coli E. coli
+— TaCu-1 TaCu-2 +— TaCu-3
a TaCu-1/400 TaCu-2/400 C +— TaCu-3/400
TaCu-1/500 TaCu-2/500 TaCu-3/500
—=—TaCu-1/600 TaCu-2/600* —e—TaCu-3/600*

S. enterica Ps. aeruginosa Ps. aeruginosa |S. enterica Ps. aeruginosa

St. aureus St. aureus St. aureus

Fig. 3. The assessment of antimicrobial activity of the TaCu thin films by “agar diffusion” experiment. * - significant difference (p < 0.05).
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The evaluation of TaCu thin films with varying copper content and thermal treatment conditions has revealed significant insights
into their antibacterial properties and physicochemical characteristics. The findings suggest that both copper content and annealing
temperature play crucial roles in determining the effectiveness of these coatings against bacterial strains, particularly Escherichia coli,
Staphylococcus aureus, Salmonella enterica, and Pseudomonas aeruginosa.
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Fig. 5. Copper ions released by time in SBF.
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The ion release test in simulated body fluid (SBF) was done to confirm the prime role of copper in the origin of antibacterial
properties [41]. As shown in Fig. 5, the TaCu-1 shows almost the same concentration after 1-day immersion in SBF as control. At the
same time, TaCu-2 and TaCu-3 demonstrated a gradual increase with ~2 times the higher concentrations of copper ions (152.7 and
159.6 ng/L, respectively). However, after thermal treatment, the thin films demonstrate a doubled release of copper compared with
non-treated pairs. The elevated copper ion release, especially from TaCu-2/600, could lead to increased reactive oxygen species (ROS)
generation and disruption of bacterial cell membranes, which are widely recognized for their effectiveness against Gram-negative and
Gram-positive bacteria [42,43]. These findings correlate with the antibacterial assessments, where samples with enhanced copper
release demonstrated higher inhibition of bacterial growth.

The study showed that the antibacterial effectiveness of the TaCu thin films was more pronounced against Gram-negative bacteria
(E. coli and P. aeruginosa) than Gram-positive bacteria (S. aureus and S. enterica). This difference is likely due to the structural dif-
ferences between Gram-negative and Gram-positive bacteria, with the former possessing an outer membrane that provides an addi-
tional barrier against antibacterial agents. The lower performance of TaCu-1 across all bacterial strains suggests that a lower copper
content may not be sufficient to achieve the desired antibacterial effects, particularly under lower thermal treatment conditions.

Fig. 6 illustrates the antibacterial mechanisms of TaCu thin films where copper ions and reactive oxygen species (ROS) provide
bactericidal activity against Gram-negative and Gram-positive bacteria. For Gram-negative bacteria (left side), which have a thinner
peptidoglycan layer and an outer membrane made of lipopolysaccharides, copper ions and reactive oxygen species (ROS) can more
easily penetrate the cell, leading to a high flow of both copper ions and ROS into the cell. This results in significant protein and DNA
disruption. In contrast, Gram-positive bacteria (right side) have a thicker peptidoglycan layer that restricts the flow of copper ions and
ROS into the cell [42,43]. This thicker barrier leads to lower intracellular concentrations of copper ions and ROS, resulting in reduced
disruption of proteins and DNA, making Gram-positive bacteria less susceptible to the antibacterial effects of the TaCu thin film. The
differences in susceptibility between the two types of bacteria are primarily due to the structural variations in their cell walls. Copper
ions exhibit less bactericidal activity against Gram-positive bacteria than Gram-negative bacteria primarily due to differences in their
cell wall structures. Gram-positive bacteria have a thick peptidoglycan layer that acts as a barrier, sequestering copper ions and
limiting their ability to disrupt the cytoplasmic membrane. In contrast, Gram-negative bacteria, with their thinner peptidoglycan layer
and permeable outer membrane, allow copper ions to more easily penetrate and exert toxic effects. Additionally, Gram-positive
bacteria may possess more effective efflux pumps and resistance mechanisms that reduce copper ion concentration within the cell,
further diminishing their susceptibility [42,44].

The diffusion into agar method visually assessed the antibacterial activity, with results supporting the time-kill test findings.
However, the method’s limitations, such as potential inconsistencies in substance diffusion, highlight the need for complementary
testing methods like the time-kill test to obtain a more comprehensive understanding of antibacterial efficacy.

Overall, the results indicate that TaCu-2, particularly when annealed at 600 °C, offers a promising balance of antibacterial
effectiveness and physicochemical stability. These findings underscore the importance of optimizing the composition and processing
conditions of TaCu thin films to maximize their potential in medical applications, particularly in preventing implant-associated in-
fections. Further studies should explore these coatings’ long-term stability and biocompatibility in vivo to ensure their safe and
effective use in clinical settings.

4. Conclusion

The investigation into the antibacterial properties of Cu-Ta thin films has revealed that both copper content and thermal treatment
conditions significantly impact their effectiveness against bacterial strains. The TaCu-2 thin film, with the copper content (~10 wt%)
and annealed at 600 °C, consistently demonstrated superior bactericidal activity, particularly against Gram-negative bacteria such as
E. coli, S. enterica and P. aeruginosa. This enhanced performance is attributed to the optimized release of copper ions and the generation
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Fig. 6. The possible antibacterial mechanism of TaCu thin films.
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of reactive oxygen species (ROS), which collectively disrupt bacterial cell membranes and interfere with vital cellular functions.
Conversely, Gram-positive bacteria like S. aureus exhibited more resistance, likely due to their structural differences. The study un-
derscores the importance of tailoring the composition and processing parameters of Cu-Ta coatings to maximize their antibacterial
efficacy, thereby providing a potential solution for reducing implant-associated infections. Future research should focus on assessing
the long-term stability, biocompatibility, and clinical applicability of these coatings to ensure their safe and effective use in medical
implants.
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