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Hospital-acquired infections are a major challenge for the healthcare system. The development of antibacterial
surfaces for medical devices and non-critical surfaces in healthcare facilities is gaining attention as a promising
strategy to prevent them. In this study, the properties of biodegradable magnetron-sputtered ZnO thin films
doped with Ag and Cu were compared. In addition, biomimetic deposition of calcium phosphates (CaPs) on these
surfaces was explored.

The investigated thin films doped were prepared by co-deposition in a multi-source magnetron sputtering
system. X-ray diffraction of the prepared thin films revealed the formation of wurtzite in all cases. Grazing
incidence small-angle X-ray scattering showed the formation of nanoparticles whose lateral-to-vertical diameter
decreased with increasing Ag content and increased with increasing Cu content. The opposite influence of
increasing Ag and Cu content in the thin films on grain size and water contact angle were also observed.

The biomimetic deposition of calcium phosphates (CaP) resulted in partial coverage of the surface of all thin
films investigated with apatitic phase. CaP deposition resulted in a reduced WCA as well as a slightly reduced
release of Cu and an increased release of Ag ions, while the release of Zn remained unaffected. Even though the
tested surfaces exhibited cytotoxicity, CaP deposition enhanced MG-63 cell viability, especially for Ag-doped
ZnO thin films, and improved the prevention of S. aureus and P. aeruginosa biofilm formation.

The results confirmed the potential of magnetron sputtering to coat materials for biomedical antibacterial
applications and pointed to a viable strategy for preparing biocompatible surfaces.

that are less likely to induce bacterial resistance but are also suitable for
preventing bacterial adhesion and growth. A particular challenge in
addressing this problem is the prevention of bacterial biofilm formation
on the surfaces of medical devices and non-critical surfaces in medical

1. Introduction

Despite advances in sterilization technologies and practices,
hospital-acquired infections (HAIs) related to medical implants remain a

serious healthcare problem, often leading to prolonged hospitalization,
increased costs of treatment, and even patient death [1]. This issue is
exacerbated by the increasing number of resistant bacterial strains [2].
Combating HAIs includes not only finding novel antimicrobial agents

facilities [3,4]. Biofilms, which consist of bacteria encapsulated in a self-
secreted matrix, protect the bacteria and impair antibiotic efficacy,
making infections difficult to treat [5].

To address this problem, different materials and strategies for
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preparing antibacterial surfaces are being developed [6]. Among the
different materials with antimicrobial activity for biomedical applica-
tions, metals and alloys are of special interest, as many biomedical de-
vices (e.g., orthopedic implants and vascular stents) and non-critical
surfaces in medical facilities are made of metals and alloys [7,8]. ZnO,
Ag, and Cu are receiving special attention for the development of anti-
microbial coatings due to their long-known antimicrobial activity [9,10]
and low likelihood of inducing bacterial resistance, especially when
used in nanostructured forms [11].

ZnO has several advantageous properties, including good chemical
and mechanical stability, tunable band structures, high optical trans-
parency, surface hydrophobicity, favorable biological properties, and
low production costs [12]. Moreover, ZnO is a biodegradable metal,
along with Mg and Fe [13]. It is used in a wide range of applications,
such as rubber and textile production, agriculture, water purification,
gas sensing, solar cells, LEDs, UV detectors, food packaging, photo-
catalysis, optoelectronic devices, biosensing, and bioimaging [14,15].
In, addition US Food and Drug Administration recognized ZnO as a safe
material (21 CFR 182.8991) [16]. Despite its numerous biological
functions, promising health implications, and pharmacological targets,
research on ZnO for biomedical applications has been relatively limited
[12,17]. Contrary, Ag and Cu have a long history of medical use [10,18].
Both materials have a broad spectrum of antimicrobial activity and are
unlikely to cause bacterial resistance [10,19,20].

Magnetron sputtering is among the most frequently used techniques
to grow thin films because a wide variety of thin films of high purity and
low cost can be prepared. Another advantage of magnetron sputtering is
co-deposition, which facilitates the mixing of thermodynamically
immiscible materials, such as different binary metal combinations [21],
enabling the preparation of a wide range of combinations of different
materials. Also, materials obtained by magnetron sputtering often have
different properties compared to the same materials obtained by other
methods [22,23]. These advantages make the magnetron sputtering
method of considerable interest for coating medical implant surfaces
and non-critical surfaces in medical facilities.

The influence of experimental conditions on the properties of
magnetron-sputtered ZnO thin films has been thoroughly studied
[24,25]. Recently, doping ZnO thin films with Ag and Cu has attracted
special attention as a possible way to improve their antibacterial prop-
erties. Although the preparation and properties of Ag- and Cu-doped
ZnO thin films were previously reported [26-28], the potential for
their application in biomedical purposes was not elaborated. In addition,
despite the importance of the comparative studies of silver and copper
containing surfaces prepared under the same experimental conditions,
to the best of our knowledge, no comparison of the Ag and Cu doping on
the properties of ZnO thin films has been made. Moreover, in general,
comparisons of silver and copper containing surfaces are scarce [29].

To address these questions, the aim of this study was to determine
and compare the influence of doping ZnO thin films with Ag and Cu on
the physico-chemical properties of prepared films. In addition, the po-
tential of prepared undoped and doped ZnO thin films for biomedical
applications was tested by determining their cytotoxicity and ability to
prevent biofilm formation. One major disadvantage of such thin films for
biomedical applications is the lack of porosity, leading to poor
osseointegration [30]. Therefore, the possibility of preparing bio-
mimetic coatings with calcium phosphates (CaP) to enhance biocom-
patibility was also explored, as suggested for other materials [31-33].
The biomimetic method was chosen for its simplicity, cost-effectiveness,
and ability to coat substrates of different shapes [34]. A two-step CaP
deposition method was applied [31]. In the first step, the surface was
activated by the adsorption of amorphous calcium phosphate (ACP).
Subsequently, the samples were immersed in a metastable calcifying
solution to promote the transformation from the amorphous to the
crystalline phase.
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2. Materials and methods
2.1. Materials

ZnO, Ag, and Cu targets, 99.99 % pure, were obtained from K. J.
Lesker, USA. Argon, used as the discharge gas, was purchased from
Messer, Croatia. The coatings were deposited on Si substrates obtained
from University Wafer, USA.

The analytical grade calcium chloride (CaCly), sodium hydrogen
phosphate (NagHPQ4), and hydrochloric acid (HCI) were obtained from
Sigma Aldrich, Germany. HNOg3 (65 %, Suprapur®) was obtained from
Merck, USA. The multielement reference standard and silver standard
solution were obtained from Analytika, Czechia and Fluka, USA,
respectively.

In biofilm assays, Staphylococcus aureus DSM 1104 and Pseudomonas
aeruginosa DSM 22644 were used. Tryptic soy agar and tryptic soy broth
were purchased from Biolife, D-(+)-glucose, phosphate buffer saline
(PBS) and crystal violet 1 % solution from Sigma-Aldrich, Germany, API
Suspension Medium® from BioMerieux, France and formaldehyde 35 %
solution from Kemika, Croatia.

MG-63 cells (ECACC 86051601) purchased from Sigma-Aldrich,
Germany, were used for cytotoxicity testing of prepared coatings. Min-
imum Essential Medium Alpha 1 (a-MEM) and dimethyl sulfoxide
(DMSO) were purchased from Corning, USA, while Fetal Bovine Serum
(FBS), amphotericin B, and gentamycin were purchased from PAN
Biotech, Germany. For rinsing the cell culture wells Trypsin-EDTA,
glutamine, and Dulbecco’s Phosphate Buffered Saline (D-PBS) pur-
chased from Dominique Dutscher, France were used. The MTT cell
viability assay kit was purchased from Biotium, USA.

In all experiments, ultrapure water (UPW, conductivity 0.5 pS cm ™},
Hydrolab HLP 10 UV, Hydrolab, Poland) was used.

2.2. Preparation of magnetron-sputtered coatings

Thin Ag- and Cu-doped ZnO films were prepared by co-deposition in
a multi-source magnetron sputtering system (CMS-18, K. J. Lesker, USA)
at a working gas pressure p(Ar) = 0.47 Pa. Schematic representation of
co-sputtering is shown in Fig. S1. Circular targets (@ = 1 cm) were used,
and samples were deposited at room temperature on Si substrates, with
film thicknesses around 1 um. ZnO thin films were either pure (ZnO) or
doped with 3 at. %, 6 at. %, and 12 at. % of Ag (ZnOAg3, ZnOAg6,
ZnOAg12, respectively) or Cu (ZnOCu3, ZnOCu6, ZnOCul2, respec-
tively). For Ag-doped ZnO films, the magnetron power for the ZnO
component was 150 W, with the magnetron power for the Ag cathode
varying from 1 to 9 W, depending on the relative composition. For Cu-
doped ZnO films, the magnetron power for the ZnO component was
140 W, with the power for the Cu cathode varying from 1 to 6 W,
depending on the relative composition. Deposition times ranged from 90
to 120 min, depending on composition and magnetron power (Table S1).

Correspondingly, deposition rates of the composites varied from
0.14 nm/s to 0.17 nm/s (ZnOCuy, ZnOAg,). These rates were deter-
mined separately for each material by measuring the thickness of the
deposited layer as a function of deposition time and source power. The
cathode was positioned at an angle 14.5° relative to its plane. The dis-
tance of the substrate from the cathode plane was 0.17 m.

2.3. Biomimetic deposition of calcium phosphates

For biomimetic CaP deposition, stock solutions of CaCly and
NayHPO, (0.1mol dm~3) were prepared by dissolving chemicals previ-
ously dried overnight in a desiccator over silica gel in UPW. The pH of
the NayHPO, stock solution was adjusted to 7.4 with HCL

Metastable calcifying solution (MCS) was prepared by rapidly mixing
equal volumes of 5.6-10° mol dm~3 CaCl, and 4.0-10° mol dm 3
NaoHPO4 at pH = 7.4 solutions [31]. MCS was without detectable pre-
cipitate for at least 14 days when left undisturbed. A suspension of
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amorphous calcium phosphate (ACP) was freshly prepared by rapidly
mixing equal volumes of equimolar CaCl, and Na;HPO4 solutions with
the initial reactant solutions c(CaCly) = c(NapHPO4) = 20-10" mol
dm~3, pH = 7.4 [31].

For depositing CaPs a two-step procedure was applied [31]. To
activate the magnetron-sputtered surfaces, samples were exposed to 3
mL of the freshly prepared ACP suspension for 7.5 min at room tem-
perature, and the procedure was repeated three times. Subsequently, 3
mL of the MCS was poured over the samples to initiate the in-situ growth
of nanocrystalline apatite. The samples were incubated for 48 h in a
water bath at a temperature of 37 °C. In this way, CaP/ZnO, CaP/
ZnOAg3, CaP/ZnOAg6, CaP/ZnOAgl2, CaP/Cu3, CaP/Cu6 and CaP/
Cul2 samples were prepared.

2.4. Characterization

2.4.1. X-ray diffraction (XRD)

X-ray diffraction patterns were recorded on PANalytical Aeris
Research Edition (Malvern PANalytical, Malvern, Worcestershire, UK)
in Bragg-Brentano geometry using CuKo radiation. Patterns were ob-
tained in an angular scan range of 10° to 60° 26, with a scan rate of 1°
min~! and a step size of 0.02° 26. The sizes of crystallites were calculated
using the Scherrer equation.

2.4.2. Gragzing-incidence small-angle X-ray scattering (GISAXS)

GISAXS maps were measured at the SAXS beamline of the synchro-
tron Elettra Trieste, Italy, using a photon energy of 8 keV. The scattered
radiation was collected by a two-dimensional Pilatus3 1 M detector. The
grazing incidence angle was adjusted slightly above the critical angle of
total reflection for the GISAXS measurements ensuring surface sensi-
tivity of the measurement.

The lateral and vertical sizes of the nanoparticles were determined
by numerical analysis of the GISAXS results, using procedure described
in reference [35]. No correlation in the positions of the nanoparticles
was assumed, i.e. only the nanoparticle shape was considered.

2.4.3. Atomic force microscopy (AFM)

The surface was probed by NT-MDT N’Tegra Prima AFM, which was
operated in contact mode. 2 um by 2 um images of surface topography
have been analyzed using Gwyddion 2.61 software.

2.4.4. Scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS)

The surface morphologies and microstructures of the magnetron-
sputtered films, with and without CaP, were examined using a Zeiss
Crossbeam 550 SEM (Germany) or a JEOL JSM-7000F FE-SEM (Tokyo,
Japan). Imaging was performed at electron beam energies of 5 to 10 kV.
EDS analysis was conducted using an Oxford Ultim Max 170 EDS de-
tector (United Kingdom) integrated into the Zeiss Crossbeam 550 SEM at
20 kV to detect Zn, O, Ag, Cu, Ca, and P. For each sample, three regions
of interest were analyzed. The grain sizes were determined from SEM
micrographs using the open-source software ImageJ (http://imagej.nih.
gov/ij/). The diameter of at least 50 particles was measured, and results
are presented as mean with standard deviation.

Cross-sectional SEM micrographs were obtained using the Axia
ChemiSEM (Thermo Fisher Scientific, USA) operated at a voltage of 10
kV and a 45° angle. Samples were sputter-coated with gold before
analysis.

To prepare the samples after the biofilm formation assays for SEM
visualization, samples were washed with PBS, fixed with 10 % formal-
dehyde, and dehydrated in ethanol series (70 % for 10 min, 80 % for 10
min, 90 % twice for 10 min, and 100 % overnight). Dried samples were
sputter-coated with gold for SEM imaging [36].

2.4.5. Raman spectroscopy
Raman measurements were performed using Horiba LabRam
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Odyssey Nano (Horiba Scientific, Kyoto, Japan) Raman spectrometer
with an optical microscope and a Nd-YAG laser operated with an exci-
tation wavelength of 532 nm. Laser power varied depending on the
samples type, and was 15.28 mW for CaP/ZnOCu3, 6.11 mW for the
CaP/Zn0O, CaP/ZnOAg3, CaP/ZnOAg6, ZnO, ZnOAg3, ZnOAg6,
ZnOAg12, and ZnOCu3, and 3.06 mW for CaP/ZnOAg12. All the sam-
ples were imaged using 50 kX long working objective. The spectrometer
was calibrated to a 520 cm’'Si signal. The measurements were con-
ducted with an accumulation time of 2 s and 200 accumulations.

2.4.6. Wettability

To evaluate the wettability of the coatings, static contact angle
measurements were performed with the Kriiss DSA25E goniometer
(Germany). A 1 pL droplet of ultrapure water and 1 uL of diiodomethane
were deposited on the surface of the magnetron-sputtered coatings, both
with and without CaP, and then recorded with a camera. Measurements
were taken for four droplets for each sample. The data obtained was then
analyzed using Kriiss Advance software.

Surface free energy (SFE) was calculated using the OWRK geometric
mean theory [37]. The total surface free energy is a combination of
dispersion forces (van der Waals forces) and polar forces (hydrogen
bonding forces). Equations are as follows:

1.€080 = ys —1g1, (€]
Yoo = ¥s +7L—24/78r — 24/7ert 2
n(14cost) = 24 /vy + 24 /virt 3

Eq. (1) represents Young’s equation, which shows the relationship be-
tween interfacial tensions. Eq. (2) corresponds to the OWRK theory,
while Eq. (3) combines both (1) and (2). In these equations, the variables
7L, 7s, and ygp, represent the tensions at liquid/air, solid/air, and solid/
liquid interfaces, respectively. 74 and 7P denote their dispersive and
polar components. Mean contact angles of water and diiodomethane
were used for the calculations.

2.4.7. Inductively coupled plasma mass spectrometry (ICP-MS)

To assess ion release from the samples, the substrates were immersed
in 5 mL of PBS at 37 °C. Aliquots were collected for analysis at 1, 4, and
24 h. Each time an aliquot was removed, it was promptly replaced with
fresh PBS. Prior to analysis, the collected solutions underwent a 100-fold
dilution and were acidified with 2 % (v/v) HNOs.

The total concentrations of Ag, Cu, and Zn were determined using the
8900 ICP-QQQ instrument from Agilent, USA. The concentrations of
these elements were determined through external calibration using
standard solutions. The standards were made by appropriately diluting a
multi-element reference standard (100 + 0.2 mg/dm’3) containing Cu
and Zn, and a single standard solution of Ag (1,000 + 0.002 g/dm’e').

The quality of the measurements was ensured by simultaneously
analyzing blank samples and internal control samples. The samples were
analyzed in triplicates, the results were normalized to the substrate
surface and expressed as cumulative released mass per em? of coating.

2.4.8. Bacterial adhesion and biofilm formation assay

Bacterial adhesion and biofilm formation on magnetron-sputtered
thin films were investigated using S. aureus and P. aeruginosa. Before
the testing in ambient conditions, the samples were sterilized under the
UV lamp for 30 min. Three replicates per bacterial strain and two
negative controls were prepared.

Bacterial inoculum was prepared from fresh overnight cultures on
tryptic soy agar, adjusted to 0.5 MacFarland in 5 mL of 0.85 % API
Suspension Medium®, and diluted to 5-10* CFU mL™! in tryptic soy
broth containing 1 % glucose. The samples were incubated with diluted
inoculum in 24-well microplates overnight at 35 °C in an aerobic
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atmosphere to promote bacterial growth and biofilm formation. After
incubation, samples were washed three times with PBS, fixed with
formaldehyde for 15 min, washed again, and stained with 0.1 % crystal
violet for 15 min. Samples were then rinsed with PBS, dried at 60 C for
45 min, and immersed in 96 % ethanol for 30 min to resolubilize the
bound crystal violet. A 100 uL aliquot of the obtained solution was
transferred to a 96-well plate, and absorbance was measured at 590 nm
(ODsgp) using an Infinite 200 PRO microplate reader (TECAN, Grodig,
Austria).

Mean absorbances and standard deviations were calculated. Biofilm
formation (ODyqtio) was determined by dividing the mean absorbance of
bacterial samples by the OD.off Value (average blank values plus three
times the standard deviations). For qualitative assessment, samples with
ODyatio > 1 are considered positive for biofilm formation and <1 as
negative, i.e. no biofilm was formed. Quantification of biofilm formation
was as follows: ODy4ti, of 0-1 no biofilm, 1-2 weak biofilm, 2-4 mod-
erate biofilm, and >4 strong biofilm formed [38,39].

2.4.9. Cytotoxicity assays

The human osteoblastic MG-63 cells were used to determine cyto-
toxicity of the thin films. Cells were cultured in 25 or 75 cm? flasks
(Thermo Fisher Scientific, USA) in Minimum Essential Medium Alpha 1
supplemented with 10 % fetal bovine serum, 0.25 pg mL ™~ amphotericin
B, 2 mmol/L glutamine, and 50 yg mL~! gentamicin. Cells were sub-
cultured every 3-4 days when they reached 70 % confluence, using 0.05
% trypsin and diluting them in fresh media. Standard conditions, 37 °C,
5 % COo, in a humidified atmosphere, were utilized for cell incubation.
Samples were sterilized by UV irradiation for 30 min.

Cytotoxicity was tested in two experimental setups: i) cells were
seeded directly on untreated samples (unrinsed), and ii) cells were
seeded on the samples that were exposed to cell culture media for 24 h
(rinsed) [40]. In both setups, cells were seeded onto the sample surfaces
at a density of 1-10° cells cm ™2 in 24-well microplates (3524, Corning,
USA) and cultured in media. Media with cells served as the positive
control, while media without cells served as the negative control.

After 24 h of incubation, an MTT-containing medium was added, and
cells were incubated for another three hours to allow the formation of
formazan crystals. Crystals were dissolved with DMSO, and 100 pL ali-
quots of supernatant were transferred to a 96-well microplate (3596,
Corning, USA). Absorbance was measured at 570 nm and 630 nm using
the Infinite M200 PRO microplate reader (TECAN, Switzerland). Cell
viability was calculated using Eq. (4):

ODtest — ODpjank

Y%viability = —————— =100 (€]
° ty ODcomrol - ODblank
a) ZnO Y -zZnO
ZnOAg3 * _Gj
ZnOAgs '«
ZnOAg12

Intensity / arb. units

T T T T T T T T v
10 20 30 40 50 60
20/°
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where OD represents the optical density, i.e. (As7o — Ag3p) for each
sample. ODyjk denotes the optical density of the negative control,
while OD¢ontro] refers to that of the positive control. Data were collected
from six replicates for each sample. Statistical analysis was performed
with Origin 9.0, utilizing non-parametric Kruskal-Wallis ANOVA fol-
lowed by post-hoc Dunn’s with a significance level of 0.05.

3. Results and discussion
3.1. Physico-chemical characterization of magnetron-sputtered coatings

The XRD diffraction patterns (Fig. 1) of all investigated thin films
contained characteristic peaks of ZnO. In the diffraction pattern of
undoped ZnO thin film, peaks at 26 31.8°, 34.2°, 36.0°, 47.5° and 56.6°
were observed, corresponding to the (100), (002), (101), (102), and
(110) reflections of hexagonal wurtzite (JCPDS Card No 89-1397). The
sharp (002) reflection indicated the formation of a ZnO thin film with a
c-axis orientation. The size of crystallites was 8.9 + 1.5 nm. In addition,
a peak characteristic of Si at 20 33.0° was observed in all samples.

No reflections characteristic of Ag and Cu were observed in the
diffraction patterns of the doped thin films, indicating that either they
were not deposited as separate phases or the amount of separate phases
was not detectable by XRD. With the increase in Ag content, the relative
intensity of the (002) reflection decreased compared to the (100) and
(101) reflections, indicating a decrease in crystallinity, and a preferen-
tial orientation, as observed before [41,42]. In ZnOAg3 thin film, crys-
tallites (23.8 + 5.8 nm) larger than in ZnOAg6 and ZnOAg12 (12.6 +
2.6 nm and 11.6 + 2.1 nm, respectively) were formed. These results
corroborate the previous study showing that the size of crystallites de-
creases with increasing silver content due to the degradation of the c-
axis growth orientation [43].

In the diffraction patterns of the ZnOCu3 and ZnOCu6 samples, the
(002) reflection was the only ZnO reflection detected. In contrast, sharp
(100) and (110) reflections were observed in the pattern of the ZnOCul2
sample. The relative intensity of these reflections was higher than in the
undoped ZnO thin film, indicating, as in the case of Ag doping, a
decrease in film crystallinity and a preferential orientation. This is in
accordance with previous findings, showing that doping ZnO thin films
with Cu up to 5 % resulted in a decrease in crystallinity [44]. The
crystallite size in (002) direction, although larger than in the pure ZnO
thin film (11.4 £+ 1.0 nm), decreased with increasing Cu content, being
40.3 £ 1.4 nm for ZnOCu3, 31.4 &+ 2.7 nm for ZnOCu6, and 24.9 £+ 2.1
nm for ZnOCul2.

GISAXS maps of Ag- and Cu-doped ZnO films are shown in Fig. 2. All
measured maps showed signal originating from nanoparticles of

b) Zno v . Y-zno
ZnOCu3 *.Si
ZnOCu6
ZnOCu12
- v
v

Intensity / arb. units

M T v ) v ) v L]
10 20 30 40 50 60
20/°

Fig. 1. X-ray diffraction patterns of ZnO thin films, undoped or doped with 3 at. %, 6 at. % and 12 at. % of a) Ag (ZnOAg3, ZnOAg6, ZnOAg12, respectively) and b)

Cu (ZnOCu3, ZnOCub, ZnOCul2, respectively).
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Fig. 2. GISAXS maps of ZnO thin films doped with 3 at. % (a, d), 6 at. % (b, e) or 12 at. % (c, f) of Ag (a-c) or Cu (d-f).

different shapes and sizes. The shape of the nanoparticle contributes to
the GISAXS signal as its Fourier transform. Thus, the signal shape in the
maps indicated the average shape of the nanoparticles in the reciprocal
space. For the Ag-doped films (Fig. 2a—c) the ratio of lateral (parallel to
the substrate) and vertical (perpendicular to the substrate) nanoparticle
size is decreasing, while the opposite trend is observed for the Cu-doped
films (Fig. 2d-f).

It was not possible to accurately determine the size distributions
using only the GISAXS measurements because the beamstop obscured
the central part of the maps (small Q, and Q, values). Additionally, the
maps contained signals originating from the surface roughness at low Q
values. This results in an excessive number of fitting parameters, making
reliable quantitative analysis difficult. However, the lateral (parallel to
the substrate) size of the formed nanoparticles was estimated from the
SEM measurements, as shown in the next section (Table 2). These values
were used as starting parameters for the fit of the GISAXS maps. D,
denotes the lateral size (parallel to the substrate), while Dy denotes the
vertical size, the standard deviation of their distributions is denoted by
oD (Table 1). Nearly spherical were formed at the highest applied con-
centration of silver, while in the case of copper they were formed at the
lowest applied concentration. This indicated a different influence of Ag
and Cu doping on the properties of investigated thin films.

The topography of the investigated thin films was visualized by AFM
(Fig. 3). The ZnO thin films consisted of grains (Fig. 3a). Increasing the
Ag content did not lead to significant changes in the topography or
surface roughness (Fig. 3b-d, Table 2). On the contrary, an increase in

Table 1

Parameters of the GISAXS analysis of the nanoparticle sizes. Diameter in di-
rection parallel to the substrate (Dy) and in the vertical direction (Dy), standard
deviation of their distributions op, and lateral-to-vertical ratio (Dy, / Dy). All
values are given in nm.

Sample Dy, / nm Dy / nm 6D / nm Dy, / Dy
ZnOAg3 20 14 3 1.43
ZnOAg6 21 15 4 1.40
ZnOAg12 18 17 6 1.06
ZnOCu3 42 38 9 1.10
ZnOCu6 34 27 6 1.26
ZnOCul2 131 58 15 2.26

grain size could be observed for Cu-doped ZnO thin films, resulting in
substantially increased surface roughness of the ZnOCu6 and ZnOCul2
samples (Fig. 3e-g, Table 2).

The SEM micrographs of the magnetron-sputtered thin films are
shown in Fig. 4. The undoped ZnO thin film exhibited characteristic
irregular granular structures with an average diameter of 67.8 nm
(Table 2), indicating the formation of columnar thin-film structures
(Fig. 4) [16,24,45]. Cross-sectional SEM image revealed that a homo-
geneous and dense thin film was formed composed of columns with
large diameters, similar to the ZnO thin films prepared by radio-
frequency magnetron sputtering [3] was obtained. Shin et al. [24] have
shown that the ZnO surface maintains a convex shape due to crystallite
coalescence, where the diffusion rate of the atoms on the ZnO surface
during columnar growth is lower than the deposition rate. The analysis
of cross-section of ZnO thin films revealed that the structure of thin films
is columnar [3,16,24]. The morphology depended on the deposition
parameters, and columns extending from the bottom to the top of the
layer have been observed [16,24], as well as a continuous structure
[46].

Thin films doped with Ag showed a similar morphology to undoped
ZnO thin films (Fig. 4). Contrary, previous findings suggested that in a
reactive Ar-Op atmosphere, the shape of the columns changes from a
circular columnar morphology to a triangular morphology at a very low
Ag content. At the highest Ag content, gaps between the columns were
observed [16], similar to our ZnOAg12 sample. Nevertheless, the grain
diameter decreased with increasing Ag content (Table 2). Additionally,
an increase in the number of small Ag particles between the grains was
evident. These particles were likely not observed in the XRD patterns
due to their small size and low surface concentration. Since Ag ions have
a larger radius (0.122 nm) than Zn (0.074 nm), it is assumed that Ag™
ions can substitute Zn?t ions in the lattice, leading to either lattice
distortion or segregation at the grain boundaries [47]. Segregation
leading to the formation of nanoparticles, similar to that in this study,
has been observed previously and explained by surpassing the solubility
limit of Ag [45,48]. SEM cross-sectional images revealed that the col-
umns extended from the substrate to the top of the layer and that their
width increased at 12 % Ag. In addition, Ag nanoparticles could be
observed sparsely at different depths. It was previously observed that the
shape of the columns changes when Ag is added to thin ZnO films. Since
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Fig. 3. AFM images of ZnO thin films, undoped (a) or doped with 3 at. % (b,e), 6 at. % (c,f) or 12 at. % (d-g) of Ag (b-d) or Cu (e-g).

Table 2

Surface roughness obtained from AFM images and grain size obtained from SEM
images of ZnO thin films undoped or doped with 3 at. %, 6 at. % and 12 at. % of
Ag (ZnOAg3, ZnOAg6, ZnOAg12, respectively) and Cu (ZnOCu3, ZnOCu6,
ZnOCul2, respectively).

Sample RMS (Rq) / nm Ra / nm dsgy / nm

ZnO 4.2+ 0.6 3.4+ 0.5 67.8 +29.2
ZnOAg3 3.0+0.1 2.4+0.1 21.3 £6.5
ZnOAg6 4.0+ 0.1 3.3+03 20.1 £ 8.0
ZnOAg12 4.4 +0.1 3.5+ 0.1 17.9 + 5.9
ZnOCu3 5.8+ 0.1 4.6 +0.1 46.4 +15.2
ZnOCu6 16.3 + 0.9 13.2+ 0.7 68.2 £+ 23.0
ZnOCul2 14.4 + 0.5 11.8 + 0.4 132.9 + 34.6

the columnar morphology is related to a preferential c-axis orientation,
this could indicate that the presence of silver may cause a different
crystalline growth, leading to a change in morphology [16].

In contrast, increasing Cu content resulted in a significant increase in
grain diameter (Fig. 4, Table 2), in line with the obtained GISAXS re-
sults. SEM cross-sectional images (Fig. 4) revealed that irregular col-
umns were formed, whose width increased with increasing Cu content.
Khosravi et al. [46] observed that the structure changes from continuous
to nanorod arrays for 3.4 % and 6.5 % Cu-doped ZnO thin films, while
Piedade et al. [3] observed no effect of Cu doping. Cu is considered a
favorable dopant because of its chemical and physical similarity to Zn,
resulting in minimal lattice distortion [46]. The observed differences in
physico-chemical properties between Ag and Cu-doped ZnO thin films
point to a way of fine-tuning films properties for specific applications.

EDS maps provided further insights into the properties of the films
(Fig. 4). The homogeneous distribution of Ag and Cu in all films

indicated a successful incorporation of the dopants within ZnO thin films
and a high degree of control in the thin film preparation process.

For orthopedic implants, the bioactivity of metal coatings is
commonly enhanced by depositing a CaP layer [49]. A biomimetic
deposition of CaP was performed to evaluate the biomedical applica-
bility of the investigated magnetron-sputtered ZnO-based coatings.

SEM micrographs (Fig. 5) revealed that in all cases, CaP predomi-
nantly formed in the shape of aggregated spherical particles composed
of thin leaf-like crystals, characteristic of the apatitic phase. These
spherical particles only partially covered the film surface, suggesting
that CaP formation resulted from the transformation of deposited ACP
particles. The growth of CaP outside these areas, forming cloud-like
patches, was rarely observed. Goel et al. [50] obtained similar results
by depositing the apatite on co-sputtered Ti-ZnO nanocomposite thin
films by immersing substrates in a Hanks Balanced Salt solution for two
weeks at 37 °C. For CaP/ZnO and CaP/ZnOCu,, some signs of
magnetron-sputtered thin film disintegration were observed. In contrast,
disintegration was less pronounced in the CaP/ZnOAg, films. However,
round and rod-shaped nanoparticles containing Ag (Fig. S2, Supple-
mentary Data) were detected on the surface between the CaPs, which
became denser with increasing Ag content. At least some of these par-
ticles could be AgCl as its formation in the environment containing
chloride ions is expected [51].

EDS analysis (Fig. S2, Supplementary Data) confirmed the presence
of CaP, with the underlying magnetron-sputtered thin film remaining
distinguishable between crystals.

To confirm the formation of CaPs, Raman spectroscopy was used
(Fig. 6). As seen in the spectra of CaP/ZnO, CaP/ZnOAg,, and CaP/
ZnOCu,, thin films, the bands corresponding to CaP were observed at
around 430, 580, 962, and/or 1092 em ! [52,53]. For the CaP/ZnOCu,
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Fig. 4. SEM images (top view and cross-section) and EDS elemental distribution maps of ZnO thin films undoped or doped with 3 at. %, 6 at. % and 12 at. % of Ag
(ZnOAg3, ZnOAg6, ZnOAg12, respectively) and Cu (ZnOCu3, ZnOCu6, ZnOCul2, respectively).




A.-M. Milisav et al.

Applied Surface Science 690 (2025) 162623

Fig. 5. SEM images of ZnO thin films, undoped (a) or doped with 3 at. % (b, e), 6 at. % (c, f) or 12 at. % (d-g) of Ag (b-d) or Cu (e-g) after biomimetic deposition of

calcium phosphates.

thin films, only a low intensity peak was observed at around 1092 cm ™},
indicating that a small amount of CaP was formed. Given that CaPs were
observed via optical imaging in the region where the Raman spectrum
was recorded, it was possible that the CaP layer was too thin and thus
only the Si substrate was measured. To explore this, a study of height
profiles was performed (Fig. S3, Supplementary Data), which indicated
that much thicker CaPs formed on Ag-doped films (average height 2.8
um), compared to Cu-doped films (average height 0.5 pm).

In the Raman spectra of ZnO and Cu-doped ZnO thin films without
CaPs, only bands characteristic of the Si substrate were detected (Fig. 54,
Supplementary Data). It has already been reported that in the Raman
spectrum of thin conductive oxide films like ZnO and CuO deposited on
crystalline Si substrates, the dominant bands are from the 1st and 2nd
order spectra of Si, as the Raman scattering cross-section of Si is much
higher [54,55]. On the other hand, in the spectra of Ag-doped ZnO thin
films, additional Raman bands were observed corresponding to the Ag-O
and Ag-Ag vibrations of the Ag nanoparticles at around 234, 350 cm™?,
as well as a maximum shifting from 520 to 560 cm ™!, which may also
correspond to the Ej, vibrational mode of ZnO [55-57]. Since SEM re-
sults indicated the formation of Ag nanoparticles, these bands can be
attributed to Ag nanoparticles, as the shift of the maxima corresponds to
the different sizes and morphologies of the nanoparticles.

The water contact angle (WCA) and surface free energy (SFE) are
important physicochemical properties that offer insight into the wetta-
bility and adhesion of materials, which can influence their biological
performance [58]. WCA measurements (Fig. 7a) indicated that all
investigated thin films were hydrophobic, with only ZnOCul2 being
slightly hydrophilic. Interestingly, the dopant content had opposite ef-
fects on the WCA for Ag and Cu. For Ag-doped ZnO films, wettability
decreased with increasing Ag content, as evidenced by a WCA ranging
from 102.8 + 2.9° for ZnOAg3 to 117.5 + 0.5° for ZnOAgl2.
Conversely, for Cu-doped ZnO surfaces, wettability improved with
increasing Cu content, with the highest WCA of 119.9 + 5.6° observed

for ZnOCu3 and the lowest WCA of 85.7 + 1.9° for ZnOCul2.

There is limited literature on the influence of Ag and Cu content on
the wettability of ZnO thin films. Sapkal et al. [47] observed an increase
in WCA with increasing Ag content up to 3 at. % in films prepared by
spray pyrolysis, followed by a subsequent decrease in average grain size.
Conversely, increasing the Ag content to 4 at. % led to an increase in
grain size and a decrease in WCA. However, in this study, although grain
size did not notably change with Ag-doping, the WCA consistently
increased. Piedade et al. [3] showed a decrease in wettability upon Cu
incorporation into ZnO thin films, attributing it to the formation of CuO
on the film surface. In contrast, Chen et al. [59] observed that increasing
the Cu content up to 6 at. % led to an increase in surface roughness, but a
further increase to 10 at. % Cu resulted in decreased roughness. This
trend was consistent with the changes observed in WCA, attributed to a
higher volume of trapped air in the gaps on films with rougher surfaces,
resulting in a larger air-water interface and, consequently, a higher
WCA [60,61]. The results obtained in our study showed that the change
of surface roughness with increasing Cu content from 6 at. % to 12 at. %
was almost negligible, however, the WCA decreased.

The SFE of magnetron-sputtered films, calculated using the OWRK
theory (Fig. 7b), ranged from 28.7 + 4.2 mN m! (ZnOAg6) to 37.2 +
0.4 mN m~! (ZnOCul2), with slightly higher values observed for Cu-
doped ZnO films. Increasing Ag content led to a decrease in SFE, while
increasing Cu content resulted in a less pronounced increase in SFE. SFE
values indicate solid-liquid interface interactions, providing insights
into surface wettability — lower SFE is associated with weaker in-
teractions with liquids, leading to higher contact angles and reduced
wettability. This correlation is significant for predicting cell-surface in-
teractions; surfaces with lower wettability tend to show less cell
attachment and spreading [59,62]. In all cases, the dominant contri-
bution to the total SFE was from the dispersive component.

The observed reduction in the WCA of magnetron-sputtered thin
films with CaPs, compared to those without CaPs (Fig. 7a), suggests
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enhanced hydrophilicity, likely due to significant changes in surface
topography. The high standard deviation of the measurements suggests
notable variability, possibly as well reflecting observed heterogeneity of
the surface. The SFE values for CaP-deposited samples are not shown
due to high error, probably caused by the same reason.

One of the possible mechanisms of metal/metal oxides’ antibacterial
activity is ion release [63]. To the best of our knowledge, ion release
studies from undoped and Ag- and Cu-doped ZnO thin films have not
been performed so far. In this study, ion-release profiles in PBS were
monitored at 37 °C for 24 h (Fig. 8), a duration aligned with biological
characterization timelines. For all three ions (Ag™, Cu®>", and Zn?*), an
initial rapid release was observed within the first 4 h, followed by a
gradual release up to 24 h. A similar behavior was previously reported
for the release of Ag" ions from Ag-doped ZnO nanocomposites in
powder form [64]. An exception was the ZnOAgl2 film, where a
decrease in Ag" ion concentration was observed. This phenomenon
could be attributed to the precipitation of AgCl on the film surface in the
presence of chloride-containing media [51]. This conclusion is also
supported by the fact that despite the highest Ag content, the Ag™ release
from the ZnOAg12 film was the lowest (Fig. 8c). On the contrary, the
release of Cu?* ions increased with the increase of Cu content in the film
(Fig. 8d).

After 24 h, the amount of Zn?" ions released from the doped films
was generally lower than that from the undoped film, except in the case
of the ZnOCu6 film (Fig. 8a-b). No notable difference in Zn>" release
was observed between films with and without deposited CaP (Fig. 8a-b).
However, the release of Ag" from Ag-doped ZnO samples with CaP was
higher than from films without CaP (Fig. 8c). A reduction in the release
of Ag* after 24 h was observed for all samples with CaP, probably due to
the precipitation of AgCl. In contrast, the release of Cu?>* was somewhat
higher for films without CaPs compared to their CaP-deposited coun-
terparts (Fig. 8d).

3.2. Biofilm formation studies

Since the formation of biofilms can lead to detrimental health effects

Applied Surface Science 690 (2025) 162623

and prolong or restrict the treatment of infections [65], the formation of
biofilms of Gram-negative P. aeruginosa and Gram-positive S. aureus was
tested. These two bacterial strains are frequently associated with noso-
comial infections, particularly with orthopedic implants [66,67].

The formation of P. aeruginosa biofilm on the pure ZnO thin film was
almost completely inhibited, as evidenced by low ODy,,, Whereas no
inhibitory effect was observed for S. aureus (Fig. 9a). Interestingly, the
addition of Ag at two lower contents considerably inhibited S. aureus
biofilm formation, resulting in no or only weak biofilm formation
(Fig. 9a). However, the inhibition of biofilm formation of P. aeruginosa
was less efficient. At the highest Ag content, moderate S. aureus and
strong P. aeruginosa biofilm were formed. Increasing Cu content resulted
in an increased inhibition of S. aureus biofilm formation, while
P. aeruginosa biofilm formation was almost completely inhibited, except
for the ZnOCu6 thin film. The obtained results are in line with previous
studies showing that copper and silver thin films exhibit differences in
antiviral and antibacterial properties [29]. Interestingly, although ionic
Ag is more efficient than ionic Cu, while Cu is more efficient than Ag
when present in solid thin films. This was ascribed to a lower suscepti-
bility of Ag to surface oxidation [29,68] compared to Cu, which retains
its activity even after oxidation [68].

The results shown in Fig. 9b reveal that the deposition of CaP led to
lower ODyqo values, indicating better inhibition of biofilm formation of
one or both bacterial strains on all samples (with the exception of
ZnOAg12 and ZnOCul2 for S. aureus, Fig. 9b) compared to the samples
without CaP. The Ag release was improved for the thin films with CaP
(Fig. 8c), which could account for their better antibacterial activity.
However, this was not the case for ZnOCu, thin films, indicating possible
different mechanisms of action.

SEM micrographs (Figs. 10 and 11) provided detailed visualizations
of the biofilm formation of S. aureus and P. aeruginosa. Both individual
cells and clusters of S. aureus cells were observed, with clustering being
more pronounced on ZnOCu6 and CaP/ZnOAg6 (Fig. 10). These results
suggest that the addition of CaP may reduce the effectiveness of the
inhibitory effect of silver and promote biofilm formation, which is not
the case with copper. P. aeruginosa cells were observed as individual or
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Fig. 9. Biofilm formation assay of Staphylococcus aureus and Pseudomonas aeruginosa on magnetron-sputtered thin films undoped or doped with 3 at. %, 6 at. % and
12 at. % of Ag (ZnOAg3, ZnOAg6, ZnOAg12, respectively) and Cu (ZnOCu3, ZnOCu6, ZnOCul2, respectively) a) without and b) with calcium phosphates (CaP).
ODyatic < 1 — no biofilm formed; 1 < ODyatio < 2 — weak biofilm formed; 2 < ODy,i0 < 4 — moderate biofilm formed; 4 < OD,4i0 — strong biofilm formed. Dots

represent the average values, and lines show the standard deviation.
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Fig. 10. Representative SEM images of Staphylococcus aureus biofilm formed on
magnetron-sputtered ZnO thin films undoped or doped with 6 at. % of Ag
(ZnOAg6) and Cu (ZnOCu6) without or with deposited calcium phos-
phates (CaP).

scattered cells with minimal clustering. In some instances, cells with a
coccoid morphology can be observed, indicative of impaired growth
(Fig. 11). Although the quantitative assay for CaP-deposited samples
showed lower OD;4tj, values indicative of less total biomass, SEM mi-
crographs showed some cell clustering and biofilm formation, especially
for Ag-doped ZnO films. Conversely, Cu-doped ZnO films maintained
better overall inhibition of biofilm formation. Important to note is that
the direct visualization of surface biofilms with SEM is the most sensitive
method, thus, the presence of a single or a few scattered bacterial cells
(observed with SEM) could be undetectable by crystal violet assay.
The antimicrobial effect of both undoped and doped magnetron-
sputtered ZnO thin films has been investigated in a number of studies,
determining the influence of thin film composition, its structure, and
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Fig. 11. Representative SEM images of Pseudomonas aeruginosa biofilm formed
on magnetron-sputtered ZnO thin films undoped or doped with 6 at. % of Ag
(ZnOAg6) and Cu (ZnOCu6) without or with deposited calcium phos-
phates (CaP).

thickness on antibacterial activity. Carvalho et al. [16] demonstrated
that the antibacterial activity of magnetron-sputtered ZnO thin films
against E. coli depends on the film thickness, with films between 200 and
600 nm showing the best performance. In our study, thicker ZnO films of
1 um were used, and an inhibitory effect was observed, indicating that
film thicknesses above 600 nm may also be effective. They also found
that antibacterial activity increases with higher Ag content, similar to
our results for up to 6 at. % Ag. Chuang et al. [69] showed that ZnO thin
films containing 45 wt% of Ag,0 have a bacterial effect similar to the
pure Ag»0, while Geetha et al. [70] showed better inhibition of S. aureus
adhesion upon doping ZnO with 69-88 % of Ag. In both these studies, a
much larger silver content, compared to our study, was needed for the
antibacterial effect to be observed. Vibornijs et al. [71] reported that
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ZnO and three-layered ZnO-Cu-ZnO coatings exhibited low activity
against E. coli and S. aureus, unlike pure Cu thin film, which showed high
inhibitory activity, demonstrating the potent properties of Cu that can
be hindered in such layered coatings due to slow release of Zn ions.
Conversely, Goel et al. [50] found that co-sputtered Ti-ZnO nano-
composite films inhibited the growth of both bacterial strains. Meister
et al. [29] showed that sequentially or co-deposited Ag/Cu nano patches
effectively prevent bacterial growth after 24 h. Pure Ag or Cu nano
patches have not shown this effect, which was explained by insufficient
ion release. The increased ion release of Ag/Cu nano patches was
ascribed to electrochemically driven enhanced dissolution and the
possible combined effect of two antimicrobial metals.

3.3. Cytotoxicity evaluation

To further evaluate the potential of thin films prepared by magnetron
sputtering for biomedical applications, thin films doped with 6 at. % Ag
or Cu, with or without deposited CaPs, were selected for cytotoxicity
evaluation. These films showed the best inhibition of bacterial biofilm
formation and contained similar amounts of dopants. The cytotoxicity of
MG-63 cells was determined in two experimental setups. In the first
setup, the cells were seeded directly onto the samples (unrinsed). In the
second setup, the samples were first exposed to cell culture media for 24
h, and subsequently, the cells were seeded on such rinsed samples.

The results of the MTT assays are shown in Fig. 12, indicating that
there was no statistically significant difference in the viability of MG-63
cells between the two experimental setups. However, the viability was
below 70 %, the threshold for non-cytotoxic materials according to the
criteria of the ISO 10993-5. Despite this, the results revealed interesting
behavior. The Ag-doped thin films had lower cytotoxicity than the pure
ZnO and Cu-doped ZnO films. The addition of CaP improved the cell
viability, although not statistically significant. The viability of the CaP-
deposited ZnOAg6 thin film was 64.5 % for rinsed and 55.3 % for
unrinsed, which was not statistically significantly different from the
viability of the control cells according to the non-parametric Dunn’s test.

For nanoparticles, the toxicity of the material usually correlates with
ion release. It has already been shown that Zn?* ions are toxic to rodent
3 T3 fibroblasts and the mesothelioma MSTO-211 cell lines at a con-
centration of 10 ppm [72], which is higher than the amount of Zn* jons
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Fig. 12. Cell viability of MG-63 cells on magnetron-sputtered ZnO thin films
undoped or doped with 6 at. % of Ag (ZnOAg6) and Cu (ZnOCu6) without or
with deposited CaP (CaP/ZnO, CaP/ZnOAg6 and CaP/ZnOCu6, respectively).
Error bars represent standard deviation. u — unrinsed and r - rinsed tested
surfaces. Significant differences are denoted (s).
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released in our study (mostly below 1 ppm). On the other hand, silver
nanoparticles above 50 ug mL ™! has been shown to be cytotoxic to MG-
63 cells [73]. Hallab et al. [74] have shown that Cu is among the most
toxic metals to MG-63 cells, with an LC50 of about 0.05 to 0.3 mM.
Although the results of nanoparticle cytotoxicity studies can give insight
into the mechanism of action, they should be used with caution in the
explanation of thin film behavior. Cytotoxicity depends on the proper-
ties of the material, the type of cells used for the assays, and the type of
assay performed [13]. In addition, cellular uptake, electrostatic and
steric interactions of nanoparticles should also be taken into account
[29]. Making comparison even more difficult is the fact that the con-
centrations of metal ions released from the coatings, which is considered
one of the main mechanisms of cytotoxicity, are expressed in different
ways.

To the best of our knowledge, no cytotoxicity testing was performed
for Ag and Cu doped ZnO thin films. Although numerous studies have
investigated the antimicrobial activity of thin films containing ZnO, Ag,
and/or Cu, few studies have examined their cytotoxicity. Goel et al. [50]
studied magnetron-sputtered Ti-ZnO thin films containing 38.1-57.1 wt
% Zn on Si (1001) substrates and observed superior adhesion and pro-
liferation of MG-63 and L929 fibroblasts on coated substrates compared
to uncoated control substrates. No significant difference was observed in
the viability of osteoblasts on nano-Ti and nano-Ti/Ag coatings [75].
Contrary, Ta(Zn)O films showed higher cytotoxicity towards MG-63
cells than TayOs films [76]. Magnetron-sputtered Cu thin films were
cytotoxic to L929 cells, but the addition of Ti reduced cytotoxicity, and
thin films with less than 53 % Cu were not cytotoxic [77].

4. Conclusion

HAIs remain a major challenge in healthcare. Among various stra-
tegies to address this issue, the development of advanced antimicrobial
surfaces for medical devices and non-critical surfaces in healthcare fa-
cilities is considered to be an effective solution. Due to the low cost, high
quality of thin films, and the potential for industrial-scale deposition,
magnetron sputtering attracts considerable attention for preparing
antimicrobial thin films.

In this study, we investigated the differences in the physicochemical
and biological properties of Ag- and Cu-doped ZnO thin films prepared
by magnetron sputtering. To enhance their bioactivity, CaPs were bio-
mimetically deposited. The results showed opposite trends in physico-
chemical properties, including nanoparticle and grain size and film
wettability, with increasing concentrations of Ag and Cu. This could be
explained by the difference in the size of Ag and Cu cations and their
influence on the structure of ZnO. Although the biomimetic deposition
of CaP resulted in sparsely formed CaP crystals, the difference in prop-
erties was observed in the thin films without CaP. Samples containing
CaP were more hydrophilic, better inhibitors of Staphylococcus aureus
and Pseudomonas aeruginosa biofilm formation, and less cytotoxic to MG-
63 cells compared to thin films with no CaP.

Overall, our results indicate that magnetron-sputtered ZnO thin films
doped with Ag and Cu in combination with biomimetic CaP deposition
represents a viable strategy for developing antimicrobial surfaces and
point to a method of increasing their biocompatibility. Future studies
should focus on long-term performance evaluations to further explore
potential biomedical applications.
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