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ABSTRACT: A rapid increase in the number of antibiotic-resistant bacteria
urgently requires the development of new more effective yet safe materials to
fight infection. Herein, we uncovered the contribution of different metal
nanoparticles (NPs) (Pt, Fe, and their combination) homogeneously
distributed over the surface of nanostructured TiCaPCON films in the total
antibacterial activity toward eight types of clinically isolated bacterial strains (
Escherichia coli K261, Klebsiella pneumoniae B1079k/17-3, Acinetobacter
baumannii B1280A/17, Staphylococcus aureus no. 839, Staphylococcus
epidermidis i5189-1, Enterococcus faecium Ya-235: VanA, E. faecium I-237: VanA, and E. coli U20) taking into account various
factors that can affect bacterial mechanisms: surface chemistry and phase composition, wettability, ion release, generation of
reactive oxygen species (ROS), potential difference and polarity change between NPs and the surrounding matrix, formation of
microgalvanic couples on the sample surfaces, and contribution of a passive oxide layer, formed on the surface of films, to
general kinetics of the NP dissolution. The results indicated that metal ion implantation and subsequent annealing significantly
changed the chemistry of the TiCaPCON film surface. This, in turn, greatly affected the shedding of ions, ROS formation,
potential difference between film components, and antibacterial activity. The presence of NPs was critical for ROS generation
under UV or daylight irradiation. By eliminating the potential contribution of ions and ROS, we have shown that bacteria can be
killed using direct microgalvanic interactions. The possibility of charge redistribution at the interfaces between Pt NPs and TiO2
(anatase and rutile), TiC, TiN, and TiCN components was demonstrated using density functional theory calculations. The
TiCaPCON-supported Pt and Fe NPs were not toxic for lymphocytes and had no effect on the ability of lymphocytes to
activate in response to a mitogen. This study provides new insights into understanding and designing of antibacterial yet
biologically safe surfaces.

KEYWORDS: antibacterial films, bactericide ion release, reactive oxygen species, electrochemical behavior,
Kelvin probe force microscopy, microgalvanic effect

1. INTRODUCTION

The development of an efficient and reliable technology of
surface modification is critical to reducing the overall rate of
implant-related bacterial infection. For orthopedic and dental
implants, two main functions are simultaneously required:
preventing infection and promoting osseointegration.1 The
implant surface should be endowed with bactericidal activity
against pathogenic microorganisms but remain inactive for
symbiotic bacteria. Because the surface of metals and alloys is

bioinert, surface modification is often aimed at imparting
materials with bioactive properties to improve osseointegration.
There are several main competing strategies against pathogenic
bacterial and fungal infections: (i) doping with bactericidal
ions,2,3 (ii) fabrication of heterogeneous surfaces decorated with
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bactericidal metal nanoparticles (NPs),4−6 (iii) grafting of
different antibiotics, antibacterial peptides, quaternary ammo-
nium and phosphonium compounds, anticoagulants, and NO
radicals to the surfaces,6−8 and (iv) design of specific surface
topography and roughness.9−12 The challenges brought by the
bacterial contamination of implant surfaces and different
approaches to kill or restrain bacterial culture growth and
prevent infection were recently reviewed.13−15 Because bacteria
differ in shape, size, cell wall thickness, outer membrane
composition, and many other characteristics, the causes of their
death can also be different. When placed in the human body, the
implant surface can (i) inhibit bacterial adhesion and biofilm
formation because of the electrostatic interaction with bacteria
(the so-called anti-adhesion, bacterial-repelling, or antifouling
surface), (ii) release bactericide ions that kill bacteria through
one or more known mechanisms (damage of cell envelope and
cytoplasmic component, blocking the peptidoglycan ability to
transfer oxygen, inactivation of enzymatic functions of proteins,
and disrupting the DNA replication), (iii) generate reactive
oxygen species (ROS) that cause oxidative stress in bacteria, and
(iv) induce significant galvanic coupling between spherical metal
precipitates and surrounding ceramic matrix and kill bacteria
through direct microgalvanic interactions.
Despite significant progress in the field of antibacterial films,

there is currently no clear understanding of what is the main
cause of the death of a specific type of bacteria. In addition, many
popular approaches for antibacterial surface design, for example,
Ag ion-based strategy or grafting/loading antibiotics, require
very careful optimization of the bactericide component to avoid
material toxicity. Antibiotics can be immobilized on the implant
surface, but the success of this strategy depends on the ability of
the antibiotic to remain functional in its tethered form.16−18 The
available results regarding the concentration of bactericidal ions
required for bacterial deactivation are rather contradictive.19 For
example, Vaidya et al.20 reported minimal bactericidal
concentrations for five types of bactericidal ions (Ag, Cu, Pt,
Au, and Pd) against three types of bacteria (Klebsiella
pneumoniae (K. pneumoniae), Acinetobacter baumannii (A.
baumannii), and Enterococcus faecium (E. faecium)) that were
in the parts per million (ppm) range, whereas numerous studies
demonstrated a noticeable antibacterial effect for substantially
lower bactericide ion concentrations in the parts per billion
(ppb) range.11,21 Ag-doped films were reported to demonstrate
a fast and pronounced antibacterial effect at a very low Ag ion
concentration of 0.1−0.3 ppb.22 Heavy metals (Cr, Co, Cu, Au,
Fe, Ni, Pt, Ag, Ta, etc.) are being present naturally in the
environment,23 but in large amount, they can be toxic.24 For
example, the toxic effect of Ag+ ions adsorbed on cell walls
resulting in their damage was reported in many studies.25,26 To
this end, most works in this field were aimed at imparting the

antibacterial activity to the specific material, but only a few
scientific investigations considered factors affecting bactericidity
toward different bacteria.
The design of proper nano-biosurfaces is a promising

approach toward the fabrication of biocompatible yet
antibacterial materials. The present study intends to explore
the role of metal NPs in the antibacterial properties of
TiCaPCON-based films. These multicomponent bioactive
nanostructured films were selected because they had recently
passed clinical studies and were approved for medical
applications.27 To address this important issue, three main
types of samples with Pt, Fe, and Pt + Fe NPs on the surface of
TiCaPCON films (hereafter denoted as Pt, Fe, and Pt + Fe)
were obtained by a combination of magnetron sputtering and
metal ion implantation. Additionally, several samples were
annealed in vacuum either before or after ion implantation to
change the surface chemistry, NP size, and their surface
distribution. Thus, additional four sample groups were
fabricated, hereafter denoted as Ptan, Fean, Ptan + Fe, and (Pt +
Fe)an. The samples were tested toward eight types of clinically
isolated bacterial strains (antibiotic-resistant Escherichia coli (E.
coli) K261, K. pneumoniae B1079k/17-3, A. baumannii B1280A/
17, Staphylococcus aureus (S. aureus) no. 839, Staphylococcus
epidermidis (S. epidermidis) i5189-1, E. faecium Ya-235: VanA, E.
faecium I-237: VanA, and antibiotic-sensitive E. coli U20). To
elucidate possible antibacterial mechanisms, the following
factors were taken into account: surface chemistry and phase
composition, wettability, ion release, ROS generation, potential
difference and polarity change between NPs and the
surrounding matrix, formation of microgalvanic couples on the
sample surfaces, and contribution of a passive oxide layer,
formed on the surface of films, to general kinetics of NP
dissolution. Quantum chemical modeling within the framework
of density functional theory (DFT) was performed to support
the observed results. To exclude the possible toxic issue,
immunomodulation of Pt- and Fe-implanted TiCaPCON films
on immune cells was also carried out.

2. MATERIALS AND METHODS
2.1. Deposition of TiCaPCON Films.The TiCaPCON films, 0.8−

1.0 μm thick, were deposited by dc magnetron sputtering of TiC−
CaO−Ti3POx target (120 mm in diameter and 8 mm in thickness)
obtained by the self-propagating high-temperature synthesis method.
According to the energy-dispersive spectroscopy (EDS) data, the target
elemental composition was Ti52.7, Ca1.1, P1.5, C30.6, O
4.3, and N9.8 (at. %). Single-crystal silicon wafer (100) was used as
the substrate material. The distance from the target to the substrate was
100 mm. First, the vacuum chamber was evacuated to a pressure of 10−3

Pa and then filled with Ar to a total pressure of 0.2 Pa. Before
deposition, the substrates were ion-cleaned for 10 min using an
additional 3 keV Ar ion source, ensuring a substrate current density of 2

Table 1. Ion Implantation and Annealing Parameters

sample first cycle second cycle

cathode voltage, kV current, mA time, min
annealing

temperature, °C cathode voltage, kV current, mA time, min
annealing

temperature, °C

Pt Pt 30 7 60
Ptan Pt 30 7 60 700
Ptan + Fe Pt 30 7 60 700 Fe 25 5 15
Pt + Fe Pt 30 7 60 Fe 25 5 15
(Pt + Fe)an Pt 30 7 60 Fe 25 5 15 700
Fe Fe 30 5 60
Fean Fe 30 5 60 700
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mA/cm2. To enhance film adhesion, the Si substrates were treated with
Ti2+ ions with energy 60 kV for 7 min before and 5 min after the
beginning of deposition using a MEVVA-type ion implanter. During
deposition, the magnetron current was set to 2 A (Advanced Energy
Pinnacle Plus unit), the total pressure in the vacuum chamber was
maintained at 0.1 Pa, and the substrate bias voltage was kept constant at
−50 V. The deposition process was carried out in a gaseous mixture of
Ar andN2 with a nitrogen partial pressure of N2/(N2 + Ar) = 15% for 20
min.
2.2. Ion Implantation. Pt and Fe ions were implanted into the

TiCaPCON films using metal cathodes (99.99%) on the MEVVA-type
ion implanter. Samples were fixed with the film-coated side in the
direction of the suppressor mesh. The ion implantation experiments
were carried out in an Ar atmosphere at a pressure of 2 × 10−2 Pa. The
pulse frequency of the arc discharge was 20 Hz, the accelerating voltage
was set at 30 kV, and the current wasmaintained in the range of 5−7mA
(Table 1). First, Pt and Fe ions were implanted into the TiCaPCON
films either separately or consecutively for 60 min to form Pt, Fe, and Pt
+ Fe samples. Then, a part of samples was annealed in vacuum under a
pressure of 10−3 Pa at a temperature of 700 °C for 1 h (samples
hereafter referred to as Ptan, Fean, and (Pt + Fe)an). Finally, the Ptan film
was implanted with Fe ions using the regime described above. All seven
sample types are depicted in Table 1.
2.3. Film Characterization.The filmmicrostructure was examined

by scanning electron microscopy (SEM) using a JSM-7600F instru-
ment (JEOL, Japan). The specimens for transmission electron
microscopy (TEM) study were prepared using a Helios 600i DualBeam
system (Thermo Fisher Scientific). High-resolution TEM (HRTEM)
analysis was carried out on a Cs-corrected Titan 80-300 platform
(Thermo Fisher Scientific) equipped with an energy-dispersive X-ray
(EDX) detector. The surface chemical composition and valence states
were studied by X-ray photoelectron spectroscopy (XPS) using an Axis
Supra spectrometer (Kratos Analytical, UK). The XPS measurements
were carried out with a charging neutralizer from an area of 0.38 mm2 in
steps of 20 eV, and the obtained XPS spectra were further analyzed with
the shifting of the binding energy (BE) scale to obtain the position of C
1s peak at 285.0 eV (for the samples without graphite contribution) and
284.4 eV (for the samples with graphite). The fitting of XPS spectra was
done with the CasaXPS software after the subtraction of the Shirley-
type background employing Gaussian−Lorentzian (G−L) peaks with
the fixed G−L percentage of 30 for a majority of the peaks. The metallic
Pt peaks and graphite C 1s peak were fitted using an asymmetric LF
function embedded into CasaXPS software. Raman analysis was
performed on a Nicolet Almega XR Dispersive Raman spectrometer
with a 532 nm green laser. Specular reflectance IR (SR-IR) spectra were
recorded in a Cary-5000 spectrophotometer equipped with UMA
accessory within the wavelength of 200−1000 nm. Measurements were
carried out in the two-beam mode using the partially polarized light at
an incidence angle of 30, 40, 50, and 60 degree.
2.4. Atomic Force Microscopy and Kelvin Probe Force

Microscopy. The surface modification experiments were performed
using the Bruker Multimode 8 (Bruker, USA) atomic force microscope
in the amplitude modulation Kelvin probe force microscopymode. The
surface modifications were analyzed after immersing the samples in the
normal saline solution (NSS, 0.9 wt % of NaCl in water). For this, the
samples kept in a beaker with the solution were rinsed with deionized
water and grounded with a silver paste to the metal specimen support.
During the measurements, the distance between the sample and the
probe was 70 nm. The scanning speed was 0.5 Hz (5 μm/s).
2.5. Wettability. Static water contact angle values of the samples

were measured in the ambient environment by the sessile drop method
using distilled water drops, 3 μL volume, with a CAM 101 optical
contact angle meter (KSV) equipped with a video-imaging system. For
each sample, the contact angles were analyzed in dynamics after 0, 5,
and 10 min, and the results were averaged based on five measurements.
2.6. Electrochemical Tests. Electrochemical studies were carried

out in NSS (0.9% NaCl) at a temperature of 25 ± 0.1 °C using a
Voltalab PST050 potentiostat (Radiometer Analytical). The measure-
ments were performed in a thermostated electrochemical cell equipped
with an AgCl reference electrode and a Pt auxiliary electrode with an

area (S) of 1× 1 cm2. The coated Si samples, 20 × 15 mm2 in size, were
varnished, leaving a window of 1 × 1 cm2 for interaction with the
electrolyte, and fixed on a special copper holder. The electric contact
was applied to the coating via a copper clamp with a wire soldered to it.
The sample was suspended in the electrolyte cell to ensure that the
clamp was above the solution surface. Two types of tests were carried
out. First, open-circuit corrosion potentials (OCPs) were measured for
30 min. All potentials were recalculated for a standard hydrogen
reference electrode (the potentials were shifted by 199 mV). Second,
polarization curves were obtained starting from the potential being
more negative than OCP to the potential of 3.0 V with a rate of 3 mV/s.

2.7. Ion Release. The rate of metal ion release was determined by
inductively coupled plasma mass spectroscopy (ICP-MS) using an X-
Series II instrument (Thermo Fisher Scientific, USA). Square samples
(1 cm2) were immersed in flasks filled with 20 mL of NSS kept at room
temperature. Aliquots (1.5 mL) were collected after 1, 3, 6, 12, 24, 48,
and 72 h to analyze the concentration of ions released over the
experiment time. For every collected sample, the concentration of ions
was recalculated for the remaining volume.

2.8. Reactive Oxygen Species. The 2′,7′-Dichlorohydrofluor-
escein diacetate assay (DCFH2-DA) was used to quantitate ROS.28

DCFH2 was prepared from DCFH2-DA by mixing 0.5 mL of 1.0 mM
DCFH-DA in dimethyl sulfoxide with 2.0 mL of 0.01 N NaOH. The
deesterification of DCFH-DA proceeded at room temperature for 30
min and then the mixture was neutralized with 10 mL of NaH2PO4 (25
mM, pH 7.4). To construct a calibration curve, several solutions with a
different concentration of DCFH2 (1, 10, 100, and 1000 nM) in 40 mM
Tris buffer at pH 7.4 were prepared. The solutions were treated with a
mixture containing H2O2 (10 μM) + Fe2+ (10 μM) {from FeSO4}.

29

The samples were analyzed using a Cary Eclipse fluorescence
spectrophotometer (Agilent Technologies) using excitation 495 nm
and emission 520 nm wavelengths.30 To determine the ROS amount,
the samples (S = 1 × 1 cm2) were immersed in 10 mL of NSS. A pH
value during ROS measurements was 7.4. After 1, 3, 12, and 24 h, 3 mL
of aliquots was collected for reaction with DCFH2-DA and ROS
quantification. Different fluorescence spectrophotometry tests were
carried out after sample exposure under UV (30 min) and visible light
(8 h) irradiation and after the storage in the dark for 8 h. The films were
UV-irradiated with an ANC 170/70-P3-3 germicidal lamp (LIT
Phonon) at a wavelength of 253.7 nm and a power of 50 W. The
distance between the lamp and the samples was set at 10 cm. For visible
light irradiation, the samples were placed on the windowsill from 10 a.m
to 6 p.m. To study the ROS recombination, the ROS concentration was
measured after 54−66 h of aliquot storage. In addition, several samples
were preliminarily kept in NSS for 24 h, then the solution was replaced
with a new one, and finally the ROS concentration was measured after 8
h.

2.9. Immunomodulation of Pt- and Fe-Implanted NPs on
Immune Cells. 2.9.1. Cell Cultures. To assess the cytotoxicity of Pt-
and Fe-implanted NPs, the viability, the proliferation of lymphocyte, as
well as the expression of activation markers CD69 and CD25 on the
lymphocyte surface were studied. Heparinized blood, diluted 2-fold
with phosphate-buffered saline (PBS) with 2% fetal bovine serum
(FBS), was layered on a Histopaque-1077 density gradient (Sigma,
USA) in a ratio of 1:1 and centrifuged with the acceleration of 400g at
room temperature for 30 min. The selected opalescent ring was washed
twice at 250g in 10mL of PBSwith 2% PBS. The pellet was resuspended
in RPMI 1640 complete nutrient medium containing 10% FBS, 2 mM
glutamine (PanEco, Russia), 10 mM 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid (Sigma, USA), and 25 μM 2-mercaptoethanol
(Sigma, USA). Cell viability was determined using a trypan blue assay.
The concentration of cell suspension was adjusted to 106 cells/mL
using an automatic TC-20 counter (Bio-Rad, USA).

2.9.2. Cytotoxicity Tests. After separation on a density gradient,
lymphocytes were incubated in the presence of test samples in full
nutrient medium RPMI 1640 and 5% CO2 at 37 °C for 7 days.
Lymphocyte viability was determined daily using the vital 7-
aminoactinomycin D (7-AAD) intercalating DNA dye, which
penetrates into the cell only when the integrity of the membrane is
broken. The as-prepared 7-AAD solution (5 μL) was added to the
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mononuclear cell suspension (106 cells/mL) selected on the density
gradient and incubated for 10 min. Samples were analyzed after 15 min
staining on a FACSAria III flow cytometer (Becton Dickinson, USA)
using BD FACSDiva software (version 8.0). Cells (104) were analyzed
in each sample.
2.9.3. Cell Proliferation Assay.The proliferation of lymphocytes was

determined using the carboxyfluorescein (CFSE) dye. When a CFSE-
labeled cell divides, its progeny is endowed with half the number of
CFSE-tagged molecules and thus each cell division can be assessed by
measuring the corresponding decrease in cell fluorescence via flow
cytometry. The more of cell divisions (mitoses) occurred, the lower the
level of luminescence. On the cytometric histogram, the CFSE-stained
cells are arranged in a series of consecutive peaks with decreasing
luminescence intensity.
Lymphocytes (106 cells/mL) were stained with 5 mMCFSE prior to

their cultivation (BD e-Bioscience, USA). Cells were incubated with
CFSE (showing high initial luminescence intensity) and/or a mitogen
ConA (10 μg/mL) in the presence of test samples in an atmosphere of
5% CO2 at 37 °C for 10 min. Then, 3 mL of cooled RPMI-1640
medium was added, incubated in the cold for 5 min, and then washed
twice with cooled RPMI-1640 containing 10% FBS. Centrifugation was
carried out at an acceleration of 400g for 5−7 min. The cells were
resuspended in RPMI-1640-based complete nutrient medium to their
original concentration. Then, the cell suspension was introduced into
the wells of a 96-well plate and incubated with test samples and/or a
mitogen ConA (10 μg/mL) in 5%CO2 at 37 °C for 6 days renewing the
medium, if necessary. At the end of incubation, the cell suspension was
transferred into cytometric tubes and then 1 mL of PBS was added.
After centrifugation at 400g for 5 min, the supernatant was removed,
resuspended, fixed with 1% formalin solution, and finally analyzed using
flow cytometry method.
2.9.4. Immune Cell Activation Analysis. After separation on a

density gradient, lymphocytes were incubated in the presence of test
films in full nutrient medium RPMI 1640 and 5% CO2 at 37 °C for 2
days. Then, the lymphocytes were phenotyped. For this, the
lymphocyte suspension (106 cells/mL) was stained with monoclonal
antibodies (eBioscience, USA): CD3 PerCP-Cy 5.5 (to identify T-
cells), CD19 PE (B-cells), and CD25 APC and CD 69 FITC (to reveal
the activation markers on the surface of T- and B-lymphocytes).
Staining was carried out in the dark at 20 °C for 20 min. Then, the cells
were washed in PBS, fixed with 1% formalin solution, and subjected to
flow cytometry analysis within 24 h. In each sample, 104 cells were
analyzed on an FACSAria III flow cytometer (Becton Dickinson, USA)
using BD FACSDiva software (version 8.0).
2.10. Antibacterial Activity. Before tests, all samples were

sterilized by UV radiation from a distance of 150 mm for 30 min.
The test samples were placed into the wells of a sterile 24-well culture
plate (Sigma-Aldrich) filled with 0.5 mL of NSS. A sample-free well and
a well with NP-free TiCaPCON sample were used as controls.
Simultaneously, 0.03 mL of the overnight culture suspension of test
strains in NSS was added to all wells with a cell concentration of about
104−105 CFU/mL. The samples were incubated in a thermostat at 37
°C. Aliquots of 0.04mLwere taken for each sample at different intervals
(typically 3, 8, and 24 h).
To reveal how NPs affect the early stage of biofilm formation, the

samples were removed from each well, washed twice in 10 mL of NSS,
and finally sonicated in 5 mL of NSS on a Soniprep 150 homogenizer
(MSE Ltd, UK) with an amplitude of 2 μm for 2 min. The obtained
bacterial suspensions were used to determine the concentration of
colony forming units (CFUs).
To obtain CFU concentrations, the content of each well was titrated

using a serial 10-fold bacterial dilution on 0.3 mL of NSS. From each
dilution, 0.01 mL of bacterial suspension was sown on Petri dishes with
a nutrient medium Mueller Hinton Agar (HiMedia, India), dried in a
closed dish at room temperature for 10 min, incubated in the
thermostat at 37 °C for 24 h, and then the culture titer was counted.
The experiments were performed in triplicate, and the statistic
calculations were performed using the Data Analysis Tool of Microsoft
Office, Excel 2010 (Microsoft Corp.).

2.11. Modeling. Quantum chemical modeling was performed
within the framework of DFT31,32 using plane wave basis set and the
PAW method33,34 as implemented in VASP.35−37 Generalized gradient
approximation was used in the form of Perdew−Burke−Ernzerhof
exchange−correlation functional.38 For the Brillouin zone sampling,
gamma-centeredMonkhorst−Pack scheme39 was chosen with a k-point
mesh which depends on cell size. The plane wave basis cutoff energy
Ecutoff = 400 eV was used. The van der Waals interactions were taken
into consideration.40 In all geometry optimizations, the convergence
criterion was such that the maximal force acting on any atom was less
than 0.01 eV/Å. The Bader approach41 was used in order to calculate
the atomic charge based on the VASP results. All structures were
visualized in VESTA.42

3. RESULTS
3.1. TiCaPCON Films. The structure and elemental

composition of TiCaPCON films were previously studied in
detail,22 and for the convenience of readers, they are described
here only briefly. The films revealed small TiCN grains, 6−15
nm in size, surrounded by an amorphous matrix containing Ca,
P, and O. According to the EDS analysis, the film elemental
composition was Ti43.3, C31.5, N15.4, O8.2, and
Ca1.6 at. %.

3.2. Scanning Electron Microscopy. Figure 1 shows the
top view SEM images of the TiCaPCON films after different

surface treatments. Pt ion implantation led to the formation of Pt
NPs, 15−30 nm in size, located on the TiCaPCON film surface
(Figure 1a). At the accelerating voltage of 30 kV, metallic ions
were reported to penetrate TiCaPCON films to a depth up to
30−40 nm.19 After sample annealing in vacuum at 700 °C for 1
h, NP density significantly increased because of Pt atom
diffusion from depth to surface, whereas the NP size has not
changed (Figure 1b). The Fe-implanted sample reveals only
single Fe NPs on its surface whose size did not exceed 5−7 nm
(Figure 1c). Further annealing resulted in the precipitation and
growth of shapeless Fe NPs (Figure 1d). In the case of the
sequential Pt + Fe ion implantation, the NP size and distribution
were similar to that of the Pt sample (Figure 1e). After annealing,
the size of large NPs remained unchanged but NP density

Figure 1. SEM surface images of TiCaPCON films after different
surface treatments. (a) Pt ion implantation (II), (b) Pt II + annealing,
(c) Fe II, (d) Fe II + annealing, (e) subsequent Pt and Fe II, (f)
subsequent Pt and Fe II + annealing, and (g) Pt II + annealing + Fe II.
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increased because of the precipitation of smaller NPs (Figure
1f). The surface of Ptan + Fe film was densely populated with
small NPs being 3−20 nm in diameter (Figure 1g).
3.3. Transmission Electron Microscopy. Figure 2 shows

the cross-sectional TEM and HRTEM images of the Pt + Fe

sample taken before and after exposure in NSS for 24 h. A thin
subsurface layer (∼20 nm) with Pt NPs is clearly seen (Figure
2a). TheHRTEM images revealed characteristic planes of the Pt
and TiC phases in the film (Figure 2a,insets). A thin amorphous
surface layer (∼1−1.5 nm) was also observed. The EDX
spectroscopy analysis confirmed that the thin subsurface layer is
enriched with Pt and Fe (Figure 2e). Below the implanted layer,
only Ti, Ca, P, C, O, and N elements were detected (a Cu signal
came from the specimen holder). After sample exposure in NSS,
the thickness of the ion-implanted layer was observed to
decrease (Figure 2b) because of the ion release process, as
described in Section 3.7. Simultaneously, the thickness of the
amorphous oxide layer increased to 2.5 nm (Figure 2c) because
of the surface passivation (see Section 3.10). The Fe-rich phases
were not detected, probably because of the formation of Pt−Fe
solid solution.43

3.4. XPS (before Immersion in NSS). The XPS spectra of
all seven types of TiCaPCON-based samples decorated with
metallic NPs were recorded. As an example, full survey XPS
spectra of Fe, Pt, and Ptan samples before and after immersion in
NSS are presented in Figure S1. They demonstrate the absolute
heights of the XPS peaks of different elements, thereby showing
how much of the underlying TiCaPCON layer is seen by XPS.
The characteristic high-resolution XPS C 1s spectra of Fe, Pt,

Ptan, Pt + Fe, and Ptan + Fe samples were fitted using three
components: amorphous carbon (hydrogenated a-CHx and a-C

(x = 0) phases have similar BE ≈ 285 eV, full width at half-
maximum (fwhm) = 1.35 ± 0.1 eV), CO (BE = 288.1 ± 0.2
eV, fwhm ≈ 2 eV), and C−O (BE = 286.4 ± 0.2 eV, fwhm = 1.5
± 0.2 eV), which are presented in Figures 3 and S2. The titanium
carbide bonding contribution Ti−C (BE = 282 ± 0.2 eV, fwhm
= 1.0 ± 0.1 eV) was visible in the Fean (Figure S2b) and Pt + Fe
(Figure 3c) films, but its concentration was below 2%. In the Pt-
and Fe-implanted samples after annealing [Ptan, (Pt + Fe)an, and
Fean], the characteristic C−C (graphite) peak at 284.4 eV44

instead of a-C at 285 eV was observed (Figures 3b,d and S2b,
respectively). Carbon materials with graphite structure have the
characteristic asymmetric XPS C 1s peak shape with a long
tailing component in the higher BE side.45 These graphite
satellite feature is well seen at 290−292 eV (Figures 3d, inset,
and S2b). The absence of graphite peak in the Ptan + Fe sample
can be explained by sputtering a thin top layer during the Fe ion
implantation. The formation of the graphite phase was also
confirmed by Raman spectroscopy. As an example, Figure 3e,f
compares the Raman spectra of the Pt + Fe and (Pt + Fe)an
samples. Both spectra revealed two features because of the
relative motion of sp2 carbon atoms (G peak) and breathing
modes of rings (D peak). It can be seen that after annealing, the
G peak shifted from 1480 to 1515 cm−1 and the intensity of D
peak significantly increased, thereby indicating a-C to nano-
crystalline graphitic carbon transformation during annealing.46

Before annealing, the Fe and Pt + Fe films revealed two
components in their XPS N 1s spectra: TiN (BE ≈ 397 eV,
fwhm = 1.7 ± 0.2 eV) and N−CO (BE = 399.9 ± 0.2 eV,
fwhm = 1.5± 0.2 eV) (Figure S3). After annealing [Fean and (Pt
+ Fe)an samples], the contribution of the N−CO component
significantly decreased. The N 1s peak of the Pt sample required
the addition of a third component, namely, C−N (BE = 399.2
eV, fwhm = 1.6 eV). After heat treatment, all three components
(TiN, C−N, and N−CO) were observed to contribute in the
corresponding XPS N 1s spectra of the Ptan and Ptan + Fe films.
The Pt environment was evaluated from the curve-fitting of Pt

4f7/2 and 4f5/2 signals using four components (Figures 4 and
S2d): two main peaks from metallic Pt (BE4f 7/2 = 71.0 ± 0.1 eV
fwhm4f 7/2 = 1.0 ± 0.1 eV; BE4f 5/2 = 74.2 ± 0.1 eV fwhm4f 5/2 =
1.1 ± 0.1 eV) and Pt−Ti (BE4f 7/2 = 71.5 ± 0.1 eV fwhm4f 7/2 =
0.9± 0.1 eV; BE4f 5/2 = 74.7± 0.1 eV fwhm4f 5/2 = 1.0± 0.1 eV)
compound, and minor contributions from Pt oxide (PtO,
BE4f 7/2 = 73.0 eV fwhm4f 7/2 = 1.2 eV; BE4f 5/2 = 75.7 eV
fwhm4f 5/2 = 1.1± 0.1 eV). After annealing, the Pt 4f5/2 and 4f7/2
peaks shift approximately 0.4 eV to higher BE and the relative
intensity of the Pt−Ti and PtO peaks considerably increased
(Ptan sample). A similar shift was observed in binary Pt/Ti films
after annealing as attributed to the formation of TiPt3 phase.

47

Moreover, new contribution of PtO2 was revealed (BE4f 5/2 =
76.4 eV, fwhm4f 5/2 = 1.3 eV). Subsequent Fe implantation into
the Ptan film not much affected the Pt environments, although
some minor differences in peak ratios can be noted. Compared
with the Pt film, the XPS Pt 4f spectrum of the Pt + Fe sample
revealed a strong peak from the PtTix compound with a minor
contribution from metallic Pt, PtO, and PtO2 phases. After
annealing, the relative intensity of the Pt oxides was observed to
increase ((Pt + Fe)an sample).
The fitting of the XPS Ti 2p spectra of the Pt- and Fe-

implanted samples both before and after annealing is depicted in
Figures 4e−h and S2e−g. The peaks can be fitted by the sum of
four components: oxidized titanium [TiO2 (main component,
BE3p 3/2 = 458.5 ± 0.2 eV, fwhm3p 3/2 = 1.3 ± 0.1 eV; BE3p 1/2 =
464.1± 0.2 eV, fwhm3p 1/2 = 1.8± 0.1 eV) and Ti2O3 (BE3p 3/2 =

Figure 2. TEM (a,b,d) and HRTEM [a, insets, c] images of Pt + Fe
samples before (a,d) and after immersion in NSS for 24 h (b,c) and
corresponding EDX spectra (e) of the selected areas shown in (d).
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457.3± 0.2 eV, fwhm3p 3/2 = 1.5± 0.1 eV; BE3p 1/2 = 462.5± 0.2
eV, fwhm3p 1/2 = 1.8± 0.1 eV)] and titanium carbide and nitride
[TiC (BE3p 3/2 = 455.1 ± 0.1 eV, fwhm3p 3/2 = 1.1 ± 0.1 eV;
BE3p 1/2 = 459.5 ± 0.1 eV, fwhm3p 1/2 = 1.1 ± 0.1 eV) and TiN
(BE3p 3/2 = 456.0± 0.2 eV, fwhm3p 3/2 = 1.5± 0.1 eV; BE3p 1/2 =
461.0 ± 0.2 eV, fwhm3p 1/2 = 1.5 ± 0.1 eV)]. Because the TiN
and TiC peaks were more pronounced in the XPS spectrum of
the Fe-implanted sample, it is reasonable to conclude that it was
less oxidized as compared with the Pt-doped counterparts. An
interesting observation is that in the presence of Fe or Pt NPs,
the surfaces become less oxidized after annealing [the intensities
of the TiN and TiC peaks in the XPS Ti2p spectra of the Fean,
Ptan, and (Pt + Fe)an samples were observed to increase]. It is
also worth noting that after Fe ion implantation into the Ptan
sample, the TiN and TiC peak intensities weakened
significantly, hereby indicating that Fe ion implantation
promoted surface oxidation.
The XPS O 1s peaks in all samples were fitted using two

components: M−O (M = metal) at BE = 530.2 ± 0.2 eV and
fwhm = 1.4 ± 0.2 eV and CO at BE = 532.4 ± 0.3 eV and
fwhm = 1.8 ± 0.2 eV (Figure S4). The M−O/CO peak ratio

in different samples was different being minimum for the (Pt +
Fe)an sample.
The atomic concentrations of all the elements determined

from the curve-fitting of XPS spectra are summarized in Table 2.
After ion implantation, the TiCaPCON films contained 11.9 at.
% of Fe and 9.2 at. % of Pt. The total content of the implanted
elements in the Pt + Fe sample was 11.6 at. %. After annealing,
the content of implanted elements significantly decreased to
0.63 at. % (Fean sample) and 0.3 at. % [(Pt + Fe)an sample]. In
contrast, the Pt content increased to 12.7 at. % (Ptan sample).
Subsequent Fe ion implantation into the Ptan film led to a
decrease in the Pt content to 7.8 at. % because of Pt sputtering by
Fe ions and an additional enrichment with Fe (3.4 at. %). It
should also be noted that O content markedly decreased in all
samples after annealing: from 36.1 (Fe) to 20.8 (Fean), from 35.5
(Pt) to 16.3 (Ptan), and from 33.2 (Pt + Fe) to 9.1 at. % [(Pt +
Fe)an].

3.5. XPS (after Immersion inNSS).High-resolution XPSC
1s, N 1s, Pt 4f, Ti 2p, and O 1s spectra are shown in Figures S5−
S9. The Ti 2p signals from all samples before and after
immersion in NSS were similar. The main feature of the O 1s
spectra was the appearance of C−O components. It was also

Figure 3. XPS C 1s spectra of Pt, Ptan, Pt + Fe, and (Pt + Fe)an samples and their curve-fitting (a−d). Raman spectra of Pt + Fe (e) and (Pt + Fe)an (f)
samples before (black curve) and after exposure in NSS for 24 h (red curve). Arrow (inset in (d)) shows the graphite satellite feature.
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Figure 4. XPS Pt 4f (a−d) and Ti 2p (e−h) spectra of Pt, Ptan, Pt + Fe, and (Pt + Fe)an samples and their curve-fitting.

Table 2. Atomic Concentration of Elements (before Immersion in NSS) According to XPS

sample concentration, at. %

C 1s Ca 2p Fe 2p N 1s O 1s P 2p Pt 4f Ti 2p

TiCaPCON 48.2 1.5 0.0 9.1 29.0 0.0 0.0 12.2
Fe 46.1 0.0 11.9 2.0 36.1 0.0 0.0 3.9
Pt 39.1 0.2 0.0 1.9 35.5 0.0 9.2 14.1
Pt + Fe 40.3 0.2 4.2 2.2 33.2 0.0 7.5 12.4
Fean 58.7 0.4 0.6 7.7 20.8 0.0 0.0 11.8
Ptan 58.6 0.4 0.0 4.3 16.3 1.8 12.7 5.9
Ptan + Fe 42.4 0.2 3.4 3.1 31.7 0.0 7.8 11.4
(Pt + Fe)an 78.9 0.1 0.0 5.8 9.1 0.0 0.3 5.7
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noted that during exposure in NSS, the C−N groups completely
disappeared in the Fean, Pt, Ptan, Ptan + Fe, and (Pt + Fe)an
samples. The amount of amide N−CO groups in the Fe-
implanted film was observed to also decrease after soaking in
NSS. In the Fe-doped samples subjected to annealing [Fean and
(Pt + Fe)an], new peaks located at 396.4 eV were observed,
which could be attributed to unknown nitride. The C 1s spectra
of NP-decorated samples before and after exposure in NSS were
more or less the same, although some differences could be
noted: (i) additional C−O (Fean and Pt + Fe) and C−C (Fe)
components were observed after immersion in NSS and a-C was
substituted by CHx groups in the Fean sample. Immersion in
NSS also affected the Pt environment: the PtTix/Ptmet ration
increased in the Pt and Ptan + Fe films and the PtTix/Pt NPs
become more oxidized [Ptan, Ptan + Fe, (Pt + Fe)an].
Comparison of element atomic concentrations before and

after immersion in NSS (Tables 2 and 3) revealed that the
amount of Ca and P (if detected before exposure in NSS)
decreased. This can be explained by a fast Ca and P dissolution
(see Section 3.7). It was also noted that the amount of oxygen
slightly increased and that of carbon, in samples Fe, Pt, and Pt +
Fe, decreased.
Summing up, we note some general regularity: (i) immersion

in NSS led to the disappearance of C−N components and
appearance of C−O groups, (ii) Pt and PtTix NPs had a
tendency to oxidation in NSS where the Pt NPs oxidize faster. In
the Fe-doped samples, the surface chemistry changed more
significantly during exposure in NSS: additional unknown
nitride was observed [Fean, Ptan + Fe, and (Pt + Fe)an] and a-C
transformed into CHx groups.
3.6. Wettability. The bacterial adhesion can be controlled

via surface wettability. The film wettability was evaluated after 2
weeks of sample storage in plastic bags (Table 4). The films with
NPs on their surface exhibited contact angles ranging from 81°
to 90°, indicating that all the surfaces were slightly hydrophilic.
The TiCaPCON film without NPs showed a water contact angle
approximately 73°. The water drops were observed to spread

over the surface over time. As a result, the contact angle values of
NP-decorated samples decreased to 57−70o (after 5 min) and
further to 23−32o (after 10 min).

3.7. Ion Release. Figure 5a illustrates the amount of Pt ions
leaching out from the Pt-doped TiCaPCON films into NSS over

time. Pt NPs did not dissolve; therefore, the concentration of Pt
ions was below 1.5 ppb after 72 h. The situation has changed
dramatically after the Fe ion implantation (Pt + Fe sample). The
concentration of Pt ions rapidly increased to 18 ppb within 6 h
and then Pt ion release eventually stopped. The time-dependent
release of Pt ions in the presence of Fe can be explained as
follows.22 After Fe ion implantation into the Pt film, Fe ions were
embedded into the Pt NPs already located on the film surface. In
the NSS, Fe ions rapidly dissolved from the surface of Pt NPs
dragging along some Pt ions. Once Fe ions were released, the
remaining large-surface-area Pt matrix potentially became highly

Table 3. Atomic Concentration of Elements (after Immersion in NSS) According to XPS

sample concentration, at. %

C 1s Ca 2p Fe 2p N 1s O 1s P 2p Pt 4f Ti 2p

Fe 37.7 0.0 11.9 2.9 40.9 0.0 0.0 6.6
Pt 36.0 0.0 0.0 2.1 37.9 0.0 9.2 14.8
Pt + Fe 35.6 0.0 4.8 2.3 37.2 0.0 7.5 12.6
Fean 56.6 0.1 2.6 6.9 24.0 0.0 0.0 9.8
Ptan 62.1 0.0 0.0 2.6 17.0 0.9 11.7 5.7
Ptan + Fe 42.1 0.0 4.1 1.8 33.4 0.0 7.6 11.0
(Pt + Fe)an 74.6 0.0 1.1 6.3 12.0 0.0 0.3 5.7

Table 4. Water Contact Angles

samples water contact angle, °

0 min 5 min 10 min

TiCaPCON 74 ± 2 44 ± 1 13 ± 1
Pt 97 ± 2 73 ± 1 23 ± 2
Ptan 90 ± 1 62 ± 2 19 ± 1
Fe 90 ± 1 61 ± 2 15 ± 2
Fean 82 ± 2 54 ± 1 16 ± 1
Pt + Fe 91 ± 2 70 ± 1 28 ± 1
(Pt + Fe)an 94 ± 1 71 ± 1 26 ± 2
Ptan + Fe 89 ± 3 70 ± 2 29 ± 2

Figure 5. Concentrations of Pt (a) and Fe (b) ions released into NSS
over time, as measured by ICP-MS.
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defective and prone to accelerated dissolution. These explain Pt
ion release over the first 6 h. When Pt NPs became free from Fe
atoms, their dissolution almost completely terminated. After
annealing of the Pt + Fe sample [(Pt + Fe)an], the Pt ion release
was observed to be low. The Pt ion concentration slightly
increased to 2 ppb during 3 h and did not change further.
According to XPS data, after annealing, Pt was bound to Ti and
no Fe was detected (Table 2). This well explains why the time-
dependent release of Pt ions in the (Pt + Fe)an sample was
similar to that in the Pt counterpart. In the Ptan and Ptan + Fe
samples, the concentration of Pt ions gradually increased with
time reaching 14 (Ptan) and 27 ppb (Ptan + Fe) after 72 h.
Apparently, the potential difference between the NPs and the
surrounding matrix has become smaller because of Pt → PtTix
transformation, Pt oxidation, and TiO2 reduction, thereby
allowing Pt ion release. The presence of Fe accelerated the Pt ion
leaching out of the surface because of dragging effect as
described above (Ptan + Fe).
Iron quickly dissolved in NSS, and its concentration in the Fe

sample reached 1750 ppb already after 3 h (Figure 5b). In the
annealed film (Fean), the Fe ion release significantly slowed
down because of Fe NP oxidation; after 3 h, the Fe ion
concentration was only about 500 ppb. The Fe content in the Pt-
doped samples was lower compared with their Pt-free
counterparts because of the difference in the ion implantation
regimes: 30 kV, 60 min (Fe); and 25 kV, 15 min (Pt + Fe and
Ptan + Fe). Thus, after 3 h, only 1100 ppb was leached out of the
Pt + Fe film surface compared with 1750 ppb in the Fe sample.
During annealing, the Pt and Fe atoms completely separated
from the Fe-implanted Pt NPs and formed two isolatedNPs: Pt/
PtTi (cathodes) and Fe (anodes). In the presence of active
cathodes, the concentration of Fe ions in the NSS significantly
increased [(Pt + Fe)an]. The Ptan + Fe sample also exhibited a
high Fe ion release. After annealing, the number of Pt NPs
significantly increased (Figure 1b) and a larger amount of Fe was
implanted into the Pt NPs. This increased the number of
cathode−anode (Pt + Fe) pars, which accelerated Fe ion
leaching from the surface into NSS.
Summarizing the results described above, we can conclude

that three main factors, namely, the existence of active cathodes,
the potential differences between NPs and the surrounding
matrix, and “dragging” effect, had a significant impact on the Pt
and Fe ion release.
Figure S10 depicts the concentration of Ca, P, and Ti ions

after sample exposure in NSS for various times. The
concentration of Ca ions rapidly increased within 12 h and
then remained approximately at the same level in the range of
30−40 ppm. All films demonstrated a high P ion release within
first 3 h, followed by a slower ion leaching over 48 h. The average
amount of P ions was found to be 2−3.5 ppm (3 h) and 3−6.5
ppm (72 h). The concentration of Ti ions reached 200−280 ppb
already after 1 h and then the Ti dissolution significantly slowed
down. After 48 h, the Ti ion release accelerated again.
3.8. Specular Reflectance IR Spectroscopy. In order to

understand the film reflectivity under UV and visible light, the
samples were analyzed by SR-IR. Figure S11 compares the SR-
IR spectra of the NP-free TiCaPCON film and those decorated
with metallic NPs recorded at an incidence angle of 30, 40, 50,
and 60 degree. The specular reflectance was below 40% in the
range of 200−1000 nm. All spectra had a similar appearance in
themeasured wavenumber range. The wavelength at a minimum
(450 and 600−700 nm) and maximum (580 nm) reflectance is
unaffected by the surface chemistry. At an incidence angle of 60

degree, Fean and Ptan samples show minimum reflection in the
UV and visible light range, respectively. In contrast, a maximum
reflection at 580 nm was observed for Fe and Pt samples.

3.9. Formation of ROS. ROS concentration was measured
after exposure to various irradiation conditions: after UV and
visible light irradiations for 30 min and 8 h, respectively, and
after storage in the dark for 8 h. Figure 6 shows the

concentrations of ROS after sample immersion in NSS for 1,
3, 12, and 24 h. The TiCaPCON film without NPs on its surface
generated ROS only after UV exposure (Figure 6a). The
maximum ROS concentration was observed after 3 h (450
nmol/cm2), and longer exposure to UV led to the decreased
ROS concentration of 190 nmol/cm2 (after 12 h). When excited
under UV irradiation, the Pt- and Fe-doped samples showed the
maximumROS concentrations after immersion inNSS for 3−12
h: 720 (Pt), 1700 (Ptan), 1310 (Fean), 2970 (Pt + Fe), 1970 (Ptan
+ Fe), and 1180 nmol/cm2 [(Pt + Fe)an]. After 24 h, the ROS
concentration was observed to be significantly decreased to 300
(Pt), 730 (Ptan), 900 (Fean), 300 (Pt + Fe), 310 (Ptan + Fe), and
170 nmol/cm2 [(Pt + Fe)an]. In the case of exposure to visible
light (Figure 6b), the maximum ROS concentration was
observed to be approximately 2−3 times lower: 385 (Pt), 620
(Ptan), 450 (Fean), 840 (Pt + Fe), 870 (Ptan + Fe), and 460
nmol/cm2 [(Pt + Fe)an]. Under both UV and visible light
exposure conditions, the ROS concentration is observed to be
higher for the Pt + Fe and Ptan + Fe films. These two samples also

Figure 6. Concentration of ROS generated in NSS after UV irradiation
for 1 h (a), during exposure to artificial light (b) and dark (c), as
determined by fluorescence spectrophotometry. 1TiCaPCON, 2
Pt, 3Ptan, 4Fean, 5Pt + Fe, 6Ptan + Fe, and 7(Pt + Fe)an. 24
+ 8 h denotes samples which were preliminarily kept in NSS for 24 h,
then the solution was replaced with a new one, and finally the ROS
concentration was measured after 8 h.
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generated a maximum amount of ROS in the dark (Figure 6c),
but ROS concentration was significantly lower (<13 nmol/cm2).
The ROS concentration depends on two competitive

processes: ROS formation and recombination. Figure S12
shows the concentrations of ROS in aliquots collected at
intervals of 12 h and stored for 66 and 54 h, respectively.
Comparison of the results presented in Figures 6 and S12
indicates that the ROS concentration in aliquots (without
samples) decreases with time at a rate of 1.3−7.8 nmol/cm2 per
h.

3.10. Atomic Force Microscopy and Kelvin Probe
Force Microscopy. Figure 7 shows the AFM height profiles
and the corresponding Kelvin probe force microscopy images of
the TiCaPCON films with Pt and Ptan NPs on their surfaces. All
measurements were carried out before and after 12 h exposure in
the NSS. The AFM images of Pt-implanted samples (Figure
7a,c) revealed that the sample surfaces are heavily populated
with Pt NPs, about 25 nm in size, similar to those observed in the
SEM image presented in Figure 1a. Several large Pt particles
(crystallized droplets), 150−200 nm in size, were also observed.

Figure 7. AFM height profile (a,c,e,g) and corresponding Kelvin probe force microscopy (b,d,f,h) images of the samples with Pt and Ptan NPs on their
surface. The measurements were carried out before (a,b,e,f) and after 12 h (c,d,g,h) exposure to the normal saline (0.9 wt % NaCl) solution.

Figure 8.AFMheight profile (a,c,e,g,i,k) and corresponding Kelvin probe force microscopy (b,d,f,h,j,l) images of the samples with Pt + Fe, (Pt + Fe)an,
and Ptan + Fe NPs on their surface. The measurements were carried out before (a,b,e,f,i,j) and after 12 h (c,d,g,h,k,l) exposure to the normal saline (0.9
wt % Na Cl) solution.
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Both types of Pt NPs were not observed in the corresponding
Kelvin images, and there is no clear potential difference between
the Pt NPs and the surrounding TiCaPCON matrix. The
situation was changed after the sample annealing, where the
images reveal a clear correlation between the location of Ptan
NPs and the Kelvin map (Figure 7e−h). The Ptan NPs had a
more positive potential than the surrounding matrix, the
difference being about 15−30 mV (Figure 7f). It is important
to note that after exposure in NSS for 12 h, the potential
difference between the Ptan NPs and the surrounding matrix was
changed; the Ptan NPs become negatively charged with respect
to the matrix (Figure 7h).
The AFM and Kelvin probe images of Fe-implanted samples

were less informative. Similar to the SEM image presented in
Figure 1c, the Fe NPs were not observed using AFM, except
several large Fe droplets (Figure S13). After annealing, the small
and large Fean NPs become better visible (Figure S11e), which is
in good agreement with the corresponding SEM image (Figure
1d). In the Kelvin probe images, Fe droplets and some Fean NPs
(Figure S13b,f) with more positive potentials can be
distinguished. Note that no potential differences between Fe/
Fean NPs and surrounding matrix were observed in the

corresponding Kelvin probe images after exposure in NSS
(Figure S13d,h).
AFM and corresponding Kelvin probe images of the Pt + Fe,

(Pt + Fe)an, and Ptan + Fe films are presented in Figure 8. In all
cases, there is a good correlation between topography and
potential maps. Clear AFM and Kelvin probe images with NP
resolutions were obtained for the (Pt + Fe)an sample (Figure
8e−h). Immediately after immersion in the NSS, the NPs were
positively charged relative to the matrix (with approximately 30
mV potential difference). However, after exposure in NSS for 12
h, the NPs become more negatively charged, and the potential
difference was as high as 40−50 mV. Thus, NPs exhibit high
potential differences with respect to the matrix, thereby
indicating that microgalvanic couples are formed when both
electrodes (NPs and matrix) are in conducting state. A similar
change of NP charge during exposure in NSS was observed for
the Pt + Fe and Ptan + Fe films.

3.11. Electrochemical Behavior. The following experi-
ments were carried out in conditions providing the maximum
protection of NPs from their dissolving. For this, the initial
potential for recording polarized curves for all samples was
chosen at −0.3 V. The rate of the potential sweep was increased

Figure 9. The variation of free corrosion potential over time (a). Typical APP curves obtained with the sweep rate of 3 mV/s (b). Inset shows initial
parts of the polarized curves. The areas of current density peaks corresponding to FeNP oxidation are shown in color. Typical APP curves of the Fe and
Fean samples (the rate of the potential sweep is 10 mV/s) (c). Typical APP curves of the Pt, Pt + Fe, Ptan + Fe, and (Pt + Fe)an films, obtained at a
potential sweep rate of 10 mV/s (d). Inset indicates the ranges of the potentials of the zero current densities for (Pt + Fe)an film (I), all other films (II),
and the current density peaks of the Fe-doped films on the curves with the reverse potential sweep (III).
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to 10 mV/s, which also promotes the preservation of the Fe NPs
before achieving typical potentials of NP dissolution. In
addition, the polarization curves with the reverse potential
sweeps were recorded from the values of maximum anodic
potential sweeps (+1.7 V) to the initial potential (−0.3 V). This
helps to identify the contribution of a passive oxide layer, formed
on the surface with the TiCaPCON film, to general kinetics of
the NP dissolution.
The change in the free corrosion potential provides

information about dissolving less stable elements of the film
and the surface passivation, linked to the formation of oxide
layers. The variation of the free corrosion potential of the film
with time is shown in Figure 9a. It is clear that within 30min, the
potential of the TiCaPCON film shifts from the initial value of
30 mV to +150 mV, which is probably related to the fast
dissolving of Ca and P (in agreement with ion release data) and
forming a passive Ti oxide layer. The Fe implantation into the
TiCaPCON film leads to the displacement of the initial potential
to a more negative value of −320 mV, which is close to the pure
Fe potential in the environment. During the first 10 min, the
potential shifts to the +110 mV. Following this, during the last
20 min of the measurements, it slowly raises to +250 mV,
appearing to be 100 mV more positive than the potential
obtained for the Fe-free film. A similar dependence was obtained
for the Fean sample; however, the potential increase was more
uniform over time. It could be assumed that this is connected to
the oxidation of the Fe NPs because Fe oxides and hydroxides
have more positive potentials than these of Ti oxides.
For the puremetallic Pt, the equilibrium potential is +990mV.

The potential for the Pt film stabilizes quickly at the level of +450
mV. This corresponds to an intermediate value between the Pt
NP potential and the Ti oxide potential. After the annealing, the
size and the relative area of the NPs on the surface had increased.
As a result, the potential of the Ptan coating shifted to a more
positive value of +800 mV.
The equilibrated potentials of the Pt, (Pt + Fe)an, and Ptan +

Fe films are in the range from the +550 to +750 mV, and
generally, they are controlled by the Pt NPs. It could be assumed
that the Fe NPs, which are subjected to impose potentials from
the Pt NPs, dissolve rapidly and the observed difference between
behaviors of the individual curves shown in Figure 9a is linked to
the size, amount, and the chemical state of the Pt NPs, as well as
their activity change over the time.
In Figure 9b, the typical anodic potentiodynamic polarization

(APP) curves of films are shown. When the polarization values
are low, the TiCaPCON film is in a stable passive state
condition. At 1.5 V, an activation peak is observed, which is
linked to two competitive processes: Ti dissolving and isolation
of film surface with a growing passive layer.
APP curves of the Pt films show typical behavior for pure

metallic Pt. The observed growth of the current density at the
potential of 1.5 V and the lack of passivation are linked to water
electrolysis and the release of O2. The Fe implantation in the Pt
film leads to the acceleration of anodic processes. This could be
linked to the change of the Pt sample chemical state on the
surface after the Fe implantation and dissolution of the Fe ions,
dragging along some Pt ions.
For the Fe sample at +0.3 V potential, there is the typical peak

of Fe current density that evidences its oxidation. After
annealing (Fean sample), the area of the Fe current density
peak is considerably decreasing (Figure 9b, inset). This
represents that there is a much fewer amount of the metallic
(unoxidized) Fe in the Fean film than in the Fe counterpart. After

Fe dissolving, the behavior of the APP curves of Fe and Fean films
repeats the behavior of the current density on the potential
observed for the TiCaPCON sample. However, the anodic
current densities for samples with Fe are higher. This is linked to
the decrease in the protective properties of the Ti oxide layer on
the film surface in the presence of the Fe oxidation products.
Figure 9c shows the APP curves of the films, with Fe, which

were obtained with the increased rate of the potential sweep. In
contrast with the APP curves, as shown in Figure 9b, the
following differences could be noted. Zero current potential of
the Fe and Fean films shifted to a negative value (the line of the
current density crosses the abscissa axis at negative potentials)
that indicates a larger amount of preserved Fe NPs. For both
films, the typical peaks of the current density are observed at
potentials in the range of 0.3 to 0.4 V, which is probably linked to
the Fe NP oxidation. The current density curves, obtained with
reverse potential sweeps from the maximum anodic potential of
+1.5 to +0.5 V, show very low values of current densities, which
is related to a high quality of passive layer formed on the areas of
the TiCaPCON films, which are not occupied by Fe NPs. It is
important to note that in the potential range of +0.5 to −0.2 V,
the current density curves of the Fe and Fean films differ
considerably. For the Fe-doped TiCaPCON sample, there is a
current density peak with negative polarity at the reverse
potential sweep, which is probably linked to a partial reduction
of the iron oxide Fe2O3 to an oxide with a reduced degree of
oxidation FeOx. In the Fean sample, this current density peak has
a positive polarity and is shifted to more negative potential
values as compared to the peak, obtained during the direct
potential sweep. Such peak displacements can be related to the
higher rate of the potential sweeps.
Figure 9d shows the APP curves of the Pt, Pt + Fe, Ptan + Fe,

and (Pt + Fe)an films that were obtained with the rate of the
potential sweeps of 10 mV/s. The initial current density curves
obtained in the anodic sweep direction are very similar for all Pt-
containing films. The zero current potentials for all the studied
samples, with an exception of (Pt + Fe)an, are in the range from
+0.5 to +0.9 V (Figure 9d, inset, area II), which is linked to the
presence of the Pt NPs. In the case of (Pt + Fe)an film, the zero
running potential is +0.35 V (Figure 9d,inset, area I).
When the potentials are more positive than +1.5 V (as well as

on the curves obtained at the lower sweep rate), there is a
characteristic steep growth of the current density for all Pt-
doped films, linked to the electrochemical water dissociation and
oxygen release. This is also confirmed by the cathode curve of
the reverse potential sweep, which in this range practically
repeats the anodic curve (lack of the hysteresis). Low current
density at potentials less than +1.5 V corresponds to the passive
state of TiCaPCON film. At the negative potential values, the
cathodic current density of the Pt-doped films rises because of
the hydrogen release (the potentials are referenced to the
hydrogen electrode, for which zero corresponds to the hydrogen
reduction). On the curves of the reverse sweep for the Fe-doped
films, there are negative peaks of the current density in the
potential range from +0.3 to +0.2 V (Figure 9d, inset, area III).
This confirms the reduction of Fe2O3 to Fe oxides with a lower
oxidation degree. This result is important for the understanding
of the potential distributions on sample surfaces after holding in
a salt solution. Probably, only part of Fe NPs dissolves and
leaches into the solution in the form of ions. Another part of Fe
NPs is oxidized to the Fe oxide and remains on the film surface
even after significant anodic polarization. The electrochemical
potential of these NPs corresponds to the value of +0.3 V, which
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is more positive than that of the TiCaPCON film potential of
+0.15 V.
3.12. Antibacterial Activity. The sample antibacterial

activities against planktonic antibiotic-sensitive E. coli U20
strains were studied first (Figure 10a). The TiCaPCON film
without NPs on its surface was used as a control. The Fe, Pt, Pt +
Fe, Ptan + Fe, and Fean samples completely eliminated the cells
after 24 h. In the case of Ptan and (Pt + Fe)an films, the CFU/mL
values were observed to decrease by almost 2 orders of
magnitude (the antibacterial effect was 97−98%). The Fe, Pt,
and (Pt + Fe) samples demonstrated a pronounced antibacterial
effect (CFU/mL values decreased by 2−3 orders of magnitude)
already after 8 h. The additional independent antibacterial test
was carried out with newly deposited Ptan, (Pt + Fe)an, Fean, Pt,
and Pt + Fe films (Figure S14). The results were highly
reproducible: all test samples demonstrated a high antibacterial
effect (CFU/mL values decreased by three-four orders of
magnitude) already after 8 h. The number of cells on the surface
of the control sample (TiCaPCON film without NPs in its
surface) was almost constant. It is well known that bacteria
prefer to colonize a solid substrate rather than dwell in a
planktonic state.48 In order to estimate the contribution of NPs
in the early stage of biofilm formation, the coupon method was
used. The obtained results show that, unlike the control sample

without NPs, there is no biofilm formation on the NPs
containing surfaces (Figure 10b). Thus, our data clearly
demonstrate that all NP-decorated samples possess a strong
antibacterial effect against E. coli U20 bacteria and inhibit the
early stage of biofilm formation.
The antibacterial test results against antibiotic-resistant E. coli

K261 cells are presented in Figure 10c. Only the Fe and Ptan + Fe
samples showed a noticeable antibacterial activity after 8 (Fe)
and 24 h (Ptan + Fe); the antibacterial effect was 91 and 80%,
respectively (the CFU/mL values decreased by 1 order of
magnitude). The Fe, Ptan + Fe, and Ptan films completely
suppressed biofilm growth on their surfaces. Note that on the
surfaces of Pt, Pt + Fe, Fean, and (Pt + Fe)an films, the density of
CFUs was also lower compared with control (Figure 10d).
The Fe, Fean, and Pt−Fe samples exhibited a high antibacterial

activity against S. aureus 839 strains; all cells were completely
deactivated after 8 h (Figure 10e). The number of CFU in the
presence of Ptan + Fe and (Pt + Fe)an samples has also decreased
after immersion in the S. aureus bacterial suspension for 8 h.
Note that S. aureus strains usually do not survive for 24 h even in
a nontoxic control sample.49,50 All samples including control
prevented biofilm formation on their surfaces (Figure 10f).
Four samples, Fe, Ptan, Ptan + Fe, and (Pt + Fe)an were selected

for more extensive antibacterial testing using eight types of

Figure 10. Antibacterial activity of samples against the E. coli U20 (a), E. coli K261 (c), and S. aureus 839 (e) strains and biofilm formation on the
sample surfaces (b,d,f). 1Fe, 2Pt, 3Pt + Fe, 4Ptan + Fe, 5Fean, 6Ptan, 7(Pt + Fe)an, and 8control (TiCaPCON film without NPs on
the surface).
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bacteria (E. coli K261, K. pneumoniae B1079k/17-3, A.
baumannii B1280A/17, S. aureus no. 839, S. epidermidis i5189-
1, E. faecium Ya-235: VanA, E. faecium I-237: VanA, and E. coli
U20). The Ptan sample was only effective against S. aureus and E.
coliU20 strains (Figure 11a). Unlike the other test (Figure 10a),

the lack of antibacterial effect on E. coli K262 strain can be
explained by higher initial bacteria concentration (105 instead of
104 CFU/mL). After 24 h, the (Pt + Fe)an films inhibited the
growth of E. faecium Ya-235: VanA (55%) and E. faecium I-237:
VanA (one order decrease in CFU/mL, 92%) bacterial colonies
but were not effective toward other bacterial strains (Figure
S15). Besides E. coliU20, E. coli K261, and S. aureus no. 839, the
Ptan + Fe sample exhibited a high antibacterial efficacy against
four more cell types (Figure 11b), namely, K. pneumoniae
B1079k/17-3 (2 orders decrease in CFU/mL, 99%), A.
baumannii B1280A/17 (2 orders decrease in CFU/mL, 99%),
S. epidermidis i5189-1 (3 orders decrease in CFU/mL, 99.9%),
and E. faecium I-237: VanA (1 order decrease in CFU/mL,
90%). The Fe samples exhibited the best antibacterial
characteristics in comparison with other tested samples: it
completely inactivated the E. faecium Ya-235: VanA strains and
was more efficient toward E. faecium I-237: VanA and antibiotic-
resistant E. coli K261 bacteria (Figure 11c). For the sake of

completeness, we note that the results of antibacterial tests
performed at different times may differ slightly from each other
(Table 9).

3.13. Influence of Pt- and Fe-Decorated TiCaPCON
Films on Immune Cells. Implant-associated infection is a
complex combination of pathogens, implant, and the immune
system. Therefore, there is a need for simultaneous compre-
hensive study of the bactericidal and immunomodulatory
activity of NP-containing surfaces. NPs interact with the
immune system and modulate its function.51 Samples with Pt
and Fe NPs were selected for cytotoxicity tests. Table 5

compares the percentage of dead mononuclear cells in cell
cultures with and without test samples. The Pt- and Fe-
implanted films did not affect the viability of lymphocytes after 1
and 2 days of incubation. In the case of the Pt film, the number of
dead mononuclear cells slightly increased after 7 days.
The Pt- and Fe-doped samples did not affect the proliferation

activity of lymphocytes (Table 6). A slight decrease of the
proliferation activity of lymphocytes induced by Con A mitogen
was observed, but the difference with control was not statistically
significant.

After 48 h of incubation, the percentage of CD3+ T-
lymphocytes and CD19+ B- lymphocytes in the Pt- and Fe-
contained samples was 83.4 ± 0.7 and 8.1 ± 0.6%, respectively,
and did not differ from the control (results not shown). One of
the indicators reflecting cell activation is the increased
expression of activation markers, in particular, the CD69 early
activation marker and the CD25 (subunit of the alpha receptor
IL-2). A comparative analysis of the number of B-lymphocytes
carrying a CD69 marker on their surface showed that in the
presence of Fe and Pt NPs, the percentage of CD19+CD69+
cells increases more than 2 and 3 times, respectively (Table 7).
In the case of the Pt- and Fe-implanted samples, the expression
of the CD25 molecule on the surface of B-lymphocytes was also
increased. In the presence of NPs, an enhancement of the CD69
early activation marker on the T-lymphocyte surfaces should be
noted. The number of T-lymphocytes carrying a molecule on
the CD25 surface was not significantly different between the
samples.
The results indicated that the Pt- and Fe-doped TiCaPCON

films do not have a pronounced toxic effect on cells; the
percentage of dead cells after 7 days was less than 6−8%.NPs did
not affect the proliferative activity of lymphocytes, that is,
nonspecific activation of cells in the presence of NPs did not

Figure 11. Antibacterial activity of Ptan (a), Ptan + Fe (b), and Fe (c)
samples against different bacterial strains. 1E. coli K261, 2K.
pneumoniae B1079k/17-3, 3A. baumannii B1280A/17, 4S. aureus
no. 839, 5S. epidermidis i5189-1, 6E. faecium Ya-235: VanA, 7E.
faecium I-237: VanA, and 8E. coliU20. Kcontrol (TiCaPCON film
without NPs on their surface). Test (c) with S. epidermidis i5189-1 was
not successful.

Table 5. Percentage of Dead Mononuclear cells in Cell
Cultures

sample incubation time, days

1 2 7

cultural medium (control) 0.2 1.0 1.5
cultural medium + TiCaPCON−Fe 5.3 3.4 5.8
cultural medium + TiCaPCON−Pt 4.9 5.6 8.0

Table 6. Proliferation Activity of Lymphocytes

sample number of proliferating cells, %

medium medium + Con A

cultural medium (control) 0.4 71.6
cultural medium + TiCaPCON−Fe 1.1 61.8
cultural medium + TiCaPCON−Pt 0.9 67.2
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occur, and NPs had no any notable effect on the ability of
lymphocytes to activate in response to a mitogen. Nevertheless,
some lymphocyte response toNPs was observed as evidenced by
the increased expression of activation markers on the surface of
both B- and T-lymphocytes.

4. DISCUSSION
4.1. Phase Transformations during Annealing. The

XPS results described above clearly demonstrated that the
surface chemistry is undergoing significant changes during metal
ion implantation and subsequent annealing. On summarizing
XPS data, several important observations can be mentioned.

(i) Pt interacts with Ti to form intermetallic PtTix
compounds both during Pt ion implantation and
subsequent heat treatment. This was well documented
for all Pt-containing samples using XPS. The amount of
PtTix intermetallic phase significantly increased after
annealing.

(ii) Annealing in vacuum led to film graphitization [Ptan, Fean,
and (Pt + Fe)an samples].

(iii) In the presence of Fe or Pt NPs, the sample surfaces after
annealing were less oxidized because of the reduction
reactions.

According to the Pt−Ti phase diagram, different intermetallic
phases, namely, Ti3Pt, Ti4Pt3, α-TiPt, and TiPt3, can be formed
during annealing.52 TiPt3 compound was reported to form
during annealing of binary Pt/Ti films in the temperature range
of 750−800 °C.47,53 However, given that titanium has a very
high affinity to oxygen, in order for Pt to react with Ti in the
TiCaPCON−Pt films, the TiO2 reduction reaction should be
promoted.
Usually, Pt NPs located onto the TiO2 surface readily adsorb

carbon monoxide and hydrogen. These chemisorption proper-
ties, however, were not observed after reduction at high
temperatures because of strong metal−support interaction
(SMSI).54 The migration of reduced species from the TiO2 is
accompanied by the formation of Pt−Ti bonds and NP
encapsulation.55,56 SMSI was detected for Pt/TiO2 above 280
°C with the formation of Pt−Ti−O alloy upon annealing in
vacuum.57 The migration of a Ti suboxide on top of Fe NPs
during annealing was also reported.57 To explain the reduction
reaction, it is reasonable to assume that metal NPs are
sufficiently reactive to catalyze decomposition TiO2 → TiOx +
O2−x. High-energy ion implantation results in the penetration of
Pt atoms into TiO2 crystal lattice, where such atoms can be
stabilized as Pt(IV) and Pt(II) species,58,59 that is, substituting
Ti in the TiO2 lattice or in the surface oxide PtO. The formation
of Pt-based clusters within TiO2 can cause weakly bonded
oxygen60 and facilitate the reduction reaction during annealing.
The SMSI led to the reaction of metallic Fe NPs with TiO2 and
formation of mixed Fe/Ti oxides (e.g., FeTiO3).

61 It is well
known that metal Pt cannot be oxidized to PtO in the air even at
high temperature. Note, however, that during the calcination
process at 400 °C, the Pt atoms thermally diffused from Pt

particles into the lattice of TiO2 grains and substitute for Ti
4+ to

form Pt2+.62 The possible reduction reactions can be expressed
as follows:

2Ca TiO 2CaO Ti2+ → + (1)

2Fe 3TiO 2FeTiO Ti2 3+ → + (2)

Film graphitization during annealing can be explained as
follows. Hydrogenated CHx (which observed in the XRS C 1s
spectra) can transform into graphitic carbon by losing hydrogen.
In the case of Pt/C catalysts, hydrocarbonaceous overlays
covering the surface of the catalysts lose hydrogen and transform
into graphitic carbon upon evacuation.63 During thermal
annealing, the nanoscale amorphous deposit is subjected to
multistage transformation including dehydration (150 °C),
dehydrogenation (150−300 °C), graphitization (>350 °C), and
formation of nanocrystalline graphitic deposit around 450 °C.64

Free Ti resulting from reduction reactions 1 and 2 reacts with
amorphous carbon and Pt and forms TiC and PtTix phases as
evidenced by XPS C 1s and Pt 4f spectra.

4.2. ROSGeneration.Generally, there was no correlation in
our experiments between the maximum amount of ROS and
oxygen concentration on the sample surfaces (Table 2).
Simultaneously, the presence of NPs is critical for ROS
generation. In the case of the NP-free TiCaPCON film, the
ROS generation was only observed after UV exposure, but the
ROS concentration was low in comparison with the NP-
decorated samples. There was a good correlation between the
type of the sample and the amount of generated ROS for all three
types of experiments (Figure 6), but the maximum ROS
concentrations were different: 700−3000 (UV exposure), 400−
900 (visible light), and 3−12 (storage in darkness) nmol/cm2.
Different metal−oxide NPs were reported to generate ROS
under UV irradiation.65 Iron nanostructures are known to play
an active role in various homogeneous and heterogeneous redox
reactions, and iron oxide NPs are highly active for ROS
generation. For example, Fe2+ easily reacts with H2O2 to form
hydroxyl radicals (•OH) through the classic homogeneous
Fenton reaction.66,67 Different reactions of oxidative radical
generation by iron oxideNPs in the biological environment were
considered by Wang68 and Rtimi69 under sunlight irradiation.
The combination of oxidized Fe NPs and TiO2 could promote
intensive ROS generation under UV or visible light absorption.
Because of charge separation in semiconductor devices, the
photogenerated electrons and holes interact with surface-
adsorbed molecules such as water and oxygen to form active
radicals.70 ROS can contribute to total antibacterial activity not
only through the induction of oxidative stress but also because of
the damage of the biomolecules such as protein and DNA. In
addition, the light absorption of TiO2 component can be
improved by appropriate doping, which hinders the photo-
generated charge recombinations through the introduction of
intragap energy levels midway between the conduction and
valence bands of TiO2, thereby facilitating the indirect transition
of electrons trough the forbidden band.71 In contrast, Pt NPs

Table 7. Changes in the Expression Level of CD69 and CD25 Activation Markers on the Surface of T- and B-Lymphocytes

sample lymphocyte subpopulation, %

CD19+CD69+ CD19+CD25+ CD3+CD69+ CD3+CD25+

RPMI 9.7 23.2 0.6 4.8
TiCaPCON−Fe 23 29.7 3.8 4.9
TiCaPCON−Pt 31.4 34.1 7.1 5.3
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were reported to have the antioxidant capacity and scavenge
ROS.72,73

In order to investigate the Pt to TiO2 interaction in more
detail, analysis of slabs consisting of TiO2 (both anatase and
rutile) and Pt with minimum mismatch (less 5%) was
performed. Because of the relatively large size of Pt NPs
observed in our experiments, the Pt/TiO2 interface was
represented as a junction of flat Pt and TiO2 slabs in a periodic
boundary conditions. The charge redistribution between TiO2
and Pt was calculated using the formula:

(TiO /Pt) (TiO ) (Pt)2 2ρ ρ ρ ρ= − − (3)

The results indicated that because of the electronegativity
difference between the oxygen atoms in TiO2 and Pt atoms,
there is charge redistribution between these slabs (Figure 12).

Strong hybridization between Pt and TiO2 indicates the
formation of strong chemical bonding and conduction channels.
Moreover, Bader charge analysis does not show increased charge
on the Pt surface in the Pt/TiO2 structure in comparison with
pure Pt slab. The photoexcitation of TiO2 phase (recall that the
samples were sterilized by UV radiation) may lead to the
formation of electron−hole pairs74 according to the following
reaction:

hTiO h e2 cυ+ → ++ −
(4)

Pt can capture photogenerated conduction electrons, which
are further transferred to electron acceptor H3O

+:

H O e OH H (on Pt)3 2+ → ++ − •
(5)

and

H O e OH H H (on Pt)3 + → + ++ − • • •
(6)

Hydroxyl radicals are highly reactive (easily form hydroxyl
groups) and can make significant contribution to the total
antibacterial activity of the Pt/TiO2 couples.

4.3. Factors Affecting Antibacterial Activity. There are
three main factors which can impart the antibacterial character-
istics of NP-decorated films: (i) ion release, (ii) ROS generation,
and (iii) surface microgalvanic couples. Table 8 summarized ion
and ROS concentrations (12 and 24 h), as well as potential
differences of samples before and after their exposure in NSS for
12 h. These data should be compared with film antibacterial
efficiencies (Table 9). The concentration of Pt ions in NSS was
very low and for the Pt and (Pt + Fe)an samples was below <4
ppb. As far as we know, the antimicrobial efficacy of Pt in their
ionic form was not reported. The minimal inhibitory
concentration for Pt ions in solutions against planktonic P.
pneumoniae, A. baumannii, and E. faecium strains was found to be
3.9, 5.8, and 11.7 ppm, respectively, but exact bacterial toxicity
mechanism was not proposed.20 As these values are three orders
of magnitude higher than those in our experiments, the Pt ion
release factor can be excluded.
Microgalvanic processes can significantly affect the film

dissolution process in the biological environment, and
intermetallic compounds can be of crucial importance for the
microgalvanic corrosion behavior. The PtTi intermetallic NPs
were the main phase in the Pt-implanted films after annealing.
These intermetallic NPs (cathodes) exhibit high potential
differences with respect to the matrix (up to 30 mV). For
example, during exposure of (Pt + Fe)an sample in NSS, the
potential difference reached 60 mV. Such surfaces can kill
bacteria upon contact and, therefore, are promising as a
nonantibiotic-based surface to fight bacterial infections. Under
physiological conditions, the Gram-positive and Gram-negative
bacterial cell surface carries negative charge that originates from
dissociation or protonation of carboxyl (−COOH), phosphate
(−HPO4, −H2PO4, −HPO4

−), and amino (NH3
+) groups. The

bacteria are very sensitive to changes of environmental
conditions, in particular pH, through adsorption of ions and
macromolecular components.75 Upon approach of a charged
implant surface, charged groups may associate or dissociate on
the surface of bacteria changing their conformation. The most
common mechanism of bacterial adhesion is the electrostatic
interaction between bacteria and the implant surface.76,77 To
verify the microgalvanic hypothesis further, additional model
tests were carried out to minimize the ROS generation
contribution. Five selected samples were preliminarily immersed
in NSS for 24 h and then subjected to antibacterial test toward E.
coli U20 strains (Figure 13). After 8 h, a noticeable antibacterial
effect was observed, which increased in the following sequence
Pt (70%)→ Ptan (89%) and Pt + Fe (89%)→ (Pt + Fe)an (97%)
→ Fean (98%). Before discussing the results, we should highlight
that after sample exposure in NSS for 24 h, the Pt and Fe ion
release in the next 8 h was almost completely suppressed (except
Ptan sample in which the weak ion leaching continued, Figure
5a,b). Additional ROS generation tests were performed under
similar antibacterial test conditions. After corresponding

Figure 12. Spatial distribution of electron density difference at
TiO2(rutile)/Pt (a) and TiO2(anatase)/Pt (b) interfaces. Blue, red,
and silver colors correspond to Ti, O, and Pt atoms, respectively. The
positive and negative differences are marked by yellow color and
turquoise blue clouds, respectively. Isosurface level is 0.004 e/Å.
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treatment, the samples were preliminarily immersed in NSS for
24 h, then the solution was replaced with a new one, and finally
the ROS concentration was measured after 8 h (Figure 6). The
ROS concentration was 18−38 nmol/cm2 that was significantly
lower than the ROS amount generated by the TiCaPCON film
after UV irradiation (450 nmol/cm2). As the TiCaPCON
sample was used as a control with no antibacterial effect, this
ROS concentration level can be considered safe. Thus, the ROS
contribution to the total antibacterial activity after sample
immersion in NSS for 24 h can be completely excluded. This
indicates an important role of sample surfaces in bacterial
inactivation even as ROS concentration is low. The resistivity
value of TiCaPCON film was reported to be low, 29 Ω/cm2,
which is typical for conductive materials.22 The NP/matrix
potential difference was well documented by the Kelvin probe
method for all films except Pt. This is, however, more likely
because of a lack of method sensitivity, rather than because of
the absence of potential difference (a slight potential contrast
can be seen between single Pt NPs and the surrounding matrix

shown in Figure 7d). Thus, eliminating the contribution of ions
and ROS, we have clearly demonstrated, for the first time, that
bacteria can be killed through direct microgalvanic interaction.
The possibility of microgalvanic currents was further

supported by BE calculations. Strong bonding at the interface
is important for electrochemical processes and charge transfer.
For example, the enhanced electrocatalytic activity of TiC-,
TiCN-, and TiN-supported Pt NPs toward CO oxidation in
alkaline and acidic media was attributed to a negative charge
transfer from the support to Pt NPs. This can lead to the
formation of electron-enriched Pt sites that affect the adsorption
of species.78 To study the interfaces between these phases and
Pt, the atomic models of Pt/TiC, Pt/TiN, and Pt/TiCN
structures were considered (Figure 14). It was found that the
value of BE varies from 0.29 eV/Å2 for the Pt/TiN to 0.51 eV/Å2

for the Pt/TiC and to 0.41 eV/Å2 for the Pt/TiCN interfaces.
Thus, the occurrence of microgalvanic currents at the Pt/
TiC(N) interfaces in the biological solution is quite possible.
For the sake of completeness note, the galvanic effects on
bacterial inactivation were systematically studied in the
literature. For example, Cao et al.79,80 were the first who
suggested the possibility of bacterial inactivation due to
microgalvanic effect. They studied Ti samples doped with Ag
and Zn, whereas both elements are bactericides. However, the
authors had abandoned their hypothesis in a later publication,
focusing on the assumption that the oxidative stress is the main
bacteria killing mechanism.81 Utilization of porinless E. coli
allowed to demonstrate that leaching of bactericide Ag and Cu
ions is not the only reason for bacterial inactivation, which was
additionally assisted by surface contact effects under low-
intensity actinic light irradiation.82 The interfacial charge-
transfer mechanism between CuO and Ag2O was suggested
based on the electron−hole pair separation under the
irradiation.

Table 8. Physical and Chemical Characteristics of Samples Immersed in NSS

sample ion release, ppb ROS, nmol/L (UV irradiation) NP-matrix potential difference, mV

Pt Fe

12 h 24 h 12 h 24 h 12 h 24 h 0 h 12 h

Fe 1850 2145 15−30
Fean 1000 1210 1310 910 25−30
Pt 1 1 320 300
Ptan 8 12 1700 730 15−30 30−40
Pt + Fe 18 18 1150 1440 2230 305 25−30 40−50
(Pt + Fe)an 4 5 1645 1900 985 170 25−35 40−50
Ptan + Fe 18 24 1850 1915 1970 310 20−40

Table 9. Antibacterial Efficiencya

sample antibacterial effect, log-reduction

E. coli K261
K. pneumoniae
B1079k/17-3

A. baumannii
B1280A/17

S. aureus
no. 839

S. epidermidis
i5189-1

E. faecium Ya-235
: VanA

E. faecium I-237:
VanA E. coli U20

8 h 24 h 24 h 24 h 8 h 24 h 24 h 24 h 24 h 8 h 24 h

Pt 0 0 0 2/4 4
Ptan 0 0 0 0 0 −/4 0 2 0 2/2 2/2
Fe 1/4* 1/4 4 4 4/4 −/4 4 4 2 4/0
Fean 0 0 4 1/4 4
Pt + Fe 0 0 4 2/2 4
Ptan + Fe 0.5 1/0 3 3 1 4 4 0 2 1 4/4
(Pt + Fe)an 0 0 0 0 2 0.5 2 2/4 3

a/* different tests.

Figure 13. Antibacterial activity of samples against the E. coli U20
strains after their preliminary exposure in NSS for 24 h. 1Pt, 2Ptan,
3Pt + Fe, 4(Pt + Fe)an, 5Fean, and 6control (TiCaPCON film
without NPs on its surface).
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For further discussion of the antibacterial mechanisms, it is
worth noting that Pt, Fe, and PtTix NP-decorated TiCaPCON
films are active photocatalysts and generate ROS under visible
light and UV irradiation. In the present study, all samples were
sterilized by UV radiation, which led to the generation of large
amounts of ROS. As no bactericidal effect was observed in the
case of the TiCaPCON film, which was used as a control, the
photocatalytic activity of the TiO2 component can be
considered insignificant. Nobel metal/TiO2 composites usually
demonstrate good antibacterial activity when excited under UV
irradiation because of surface plasmon resonance effect but are

less effective in the dark. Zhang et al.83 showed that Au/TiO2
nanocomposites exhibited antibacterial effect because of ROS
(•OH) produced by the photocatalytic effect under visible light.
Li et al.84 demonstrated that Au/TiO2 nanocomposites can
partly destroy S. aureus and E. coli cells in darkness. It was
assumed that Ag and Au NPs in Ag/TiO2

85 and Au/TiO2
86

nanocomposites can capture electrons forming the Schottky
barrier at the metal/ceramic interface. It was suggested that the
physical contact of bacteria with metallic NPs can result in the
electron transfer from the bacteria to the plasmonic NPs and
further to the TiO2 support.

84,86 The further mechanism behind
bacterial inactivation is not clear yet. The bacteria can die
because of the loss of electrons, as suggested by Wang et al.,86 or
because of the ROS formation that attacks the cell membrane
and destroys its integrity.87 Note that since the bacterial
membranes have different thicknesses and charges, their
response to the nanocomposite surface can also be different.88

Finally, note that the surface to bacteria interaction is a
combination of complex chemical and biological processes and
their understanding requires decoupling of the possible
mechanisms with carefully planned and detailed experiments.

5. CONCLUSIONS
Herein, seven types of TiCaPCON-supported Pt and Fe metal
NPs and their combinations [denoted as Pt, Fe, Pt + Fe, Ptan,
Fean, Ptan + Fe, and (Pt + Fe)an] were fabricated by a
combination of magnetron sputtering, metal ion implantation,
and vacuum annealing to address an important issue of their
antibacterial activity toward eight types of bacterial strains and to
uncover related mechanisms taking into account the following
factors: (i) surface chemistry, (ii) ion release, (iii) generation of
ROS, (iv) potential difference and polarity change between NPs
and the surrounding matrix in NSS, (v) formation of
microgalvanic couples on the sample surfaces, and (vi)
contribution of a passive oxide layer, formed on the surface of
films, to general kinetics of the NP dissolution. The most
important findings can be summarized as follows.

1. During metal ion implantation and subsequent annealing,
the chemistry of sample surface was significantly changed:
(i) Pt interacted with Ti to form PtTi intermetallic
compounds, (ii) annealing in vacuum led to Ptan, Fean, and
(Pt + Fe)an film graphitization, (iii) in the presence of Fe
or Pt NPs, the sample surfaces were less oxidized after
annealing.

2. Ion release was highly dependent on the sample surface
states. The Pt and Fe ion release rate depended on various
factors such as (i) existence of active surface cathodes, (ii)
potential differences between NPs and surrounding
matrix, and (iii) “dragging” effect when the actively
dissolving Fe dragged along some Pt ions.

3. The TiCaPCON films decorated with Pt- and Fe-based
NPs are active photocatalysts and generate ROS under
exposure to UV and visible light.

4. The formation of strong chemical bonding at the
interfaces between Pt and TiO2 (anatase, rutile), TiC,
TiN, and TiCN components as an important parameter
for charge redistribution was demonstrated using density
functional theory calculations.

5. NP-decorated samples exhibited a strong antibacterial
effect against E. coli U20 and S. aureus no. 839 strains
(except Pt). Only Fe and Ptan + Fe samples were effective
toward antibiotic-resistant E. coli K261 cells. Four

Figure 14. Spatial distribution of electron density difference at Pt/TiC
(a), Pt/TiN (b), and Pt/TiCN (c) interfaces. Blue, gray, small silver,
and big silver colors correspond to Ti, C, N, and Pt atoms, respectively.
The positive and negative differences are marked by yellow and
turquoise blue clouds, respectively. The isosurface level is 0.004 e/Å.
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samples, Fe, Ptan, Ptan + Fe, and (Pt + Fe)an, were tested
against eight types of bacteria. The (Pt + Fe)an films
additionally inactivated E. faecium Ya-235: VanA and I-
237: VanA strains. The Fe and Ptan + Fe films inhibited
the growth of K. pneumoniae B1079k/17-3, A. baumannii
B1280A/17, and E. faecium I-237: VanA strains. These
two samples also showed 99.9 and 100% antibacterial
activity toward S. epidermidis i5189-1 (Ptan + Fe) and E.
faecium Ya-235: VanA (Fe), respectively.

6. An important role of sample surfaces in bacterial
inactivation was demonstrated. The potential difference
between NPs and the surrounding matrix was well
documented by the Kelvin probe method. Eliminating
the potential contribution of ions and ROS, we have
demonstrated, for the first time, that bacteria can be killed
through direct microgalvanic interactions.

7. The Pt- and Fe-doped samples did not affect the viability
and proliferation activity of lymphocytes, that is, non-
specific activation of cells in the presence of NPs did not
occur, and NPs had no any notable effect on the ability of
lymphocytes to activate in response to a mitogen.
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