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Abstract: Antibacterial cerium-doped hydroxyapatite (Ce-HAp) layers have been researched
sparingly in recent years. The Ce-HAp powder, Caio-xCex(POs)s(OH)2 with xce = 0.05, was obtained
by an adapted chemical co-precipitation method at room temperature. The target was prepared
using the Ce-HAp (xce = 0.05) powder sintered in air at 600 °C. The coatings on the Ti substrate were
generated in plasma using a radio frequency (RF) magnetron sputtering discharge in an Ar gas flow
in a single run. To collect the most complete information regarding the antimicrobial activity of
cerium-doped hydroxyapatite with xce = 0.05, (5Ce-HAp), antimicrobial studies were carried out
both on the final suspensions and on the coated surfaces. The target was tested using ultrasound
measurement, transmission electron microscopy (TEM), scanning electron microscopy (SEM),
Fourier transform infrared spectroscopy (FTIR), glow-discharge optical emission spectroscopy
(GDOES), and X-ray photoelectron spectroscopy (XPS). The present study exhibited for the first time
results of the homogeneous coatings of hydroxyapatite doped with cerium using a radio frequency
magnetron sputtering technique. In addition, this study highlighted for the first time the stability of
the cerium-doped hydroxyapatite gels used in the creation of the coating. Ultrasound
measurements on the concentrated suspension of 5Ce-HAp showed a good stability compared to
double distilled, water which was chosen as the reference fluid. Particles with spherical shape were
observed by both TEM and SEM analysis. The broadening of the IR bands in the IR spectrum of the
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5Ce-HAp film in comparison with the IR spectrum of the precursor target indicate the formation of
interlinked bonds into the layer bulk. XPS analysis revealed that the mixture of Ce*and Ce* ions in
the hydroxyapatite (HAp) structure of the coatings could be due to the deposition process. The
surface of 5Ce-HAp coatings was homogenous with particles having a spherical shape. A uniform
distribution of all the constituent elements on the surface the 5Ce-HAp layer was revealed. The
antimicrobial assays proved that both 5Ce-HAp suspensions and 5Ce-HAp coatings effectively
inhibited the development of colony forming units (CFU) for all the tested microbial strains.
Moreover, the antimicrobial assays emphasized that the 5Ce-HAp suspensions had a biocide effect
against Escherichia coli (E. coli) and Candida albicans (C. albicans) microbial strains after 72 h of
incubation.

Keywords: cerium; hydroxyapatite; ultrasound measurement; radio frequency magnetron
sputtering; antimicrobial activity

1. Introduction

Currently, the most pressing problem from the health system is the emergence of multi-drug
resistant microorganisms and the appearance of infections with these microorganisms [1-4]. The
alarming and rapid increase in the appearance of drug-resistant microbial-related infections have
forced researchers to focus their attention to the development of unconventional alternatives for
treating microbial infections [1-3]. Over the years, various alternative options in the treatment of
microbial infections, such as drug delivery systems, metal organic frameworks, nanoparticles, efflux
pump inhibitors, light delivery systems, carbon based materials, peptides, etc., have been explored.
Recently, an experimental approach used for a broad spectrum of biofilm-mediated diseases was
intensively studied by photodynamic therapy (aPDT) for its particular applications in endodontics
[5,6]. The most pronounced infections associated with multi-drug resistant microorganisms are those
related to hospital equipment, improper wound dressings, and surgical instruments. One of the most
studied materials for its outstanding antimicrobial properties is synthetic hydroxyapatite (HAp),
having the chemical formula Cai0(PO4)s(OH)2, which is considered an essential inorganic material,
very similar with human hard tissues that can be found in dentine, enamel, and bones [7,8]. In
general, hydroxyapatite has been reported to be a material with excellent bioactivity, osteointegrity,
biocompeatibility, osteoinduction, and osteoconductivity properties and to have the capacity to
interact directly with the human hard tissues and form bonds [9-11]. Due to its remarkable
properties, HAp is used in a wide range of applications in the biomedical field for dentistry [11],
tissue scaffolding [12], ossicular chain reconstruction [13], maxillofacial reconstruction [14], and as
coating for metallic implants [15]. Over the years, the use of various metal ions such as Ag*, Al*, K*,
Ce, Mg?, Zn?, La®, Sr*, Y%, and In** as dopants in the HAp lattice have been proposed to counteract
the disadvantages of HAp, such as the lack of antibacterial activity, poor mechanical strength, etc.
[16]. These ionic substitutions affect the crystallinity, lattice parameters, composition, and
morphology of HAp, which lead to the development of an improved material with new properties
such as chemical and mechanical stability, cytocompatibility, solubility, bioactivity, and antibacterial
properties [17,18]. Cerium is a rare earth element that can accumulate in bones and has the ability to
stimulate the metabolic activity of organisms [19]. There have been studies reporting on the wide use
of Ce in medical applications in catheters, dentistry, and in the treatment of burn wounds [16,20,21].
Therefore, the development of cerium-doped hydroxyapatite will allow for the obtainment of a
biocompatible and osteocoductive material with antibacterial activity. Moreover, the use of cerium-
doped hydroxyapatite (Ce-HAp) in the development of biocompatible layers is a focus of current
research. Over the years, numerous methods of layer deposition have been investigated to obtain
homogenous, continuous, and stable coatings for different medical devices. Nanomaterials are
considered to be on the leading edge of the field of nanotechnology. Their unique properties due to
their size, shape, and surface area make these materials superior and indispensable in many areas of
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human activity. Particles with nanometric sizes are usually used for the development of biomaterials.
Moreover, they are suitable for molecular assembly and may be made up of inorganic or polymeric
materials; surface chemistry is often employed for their functionalization in order to improve their
biological properties. Several studies have shown the importance of nanomaterials and their use in
biomedical applications [22-26].

The radio frequency (RF) magnetron sputtering technique represents one of the methods applied
to deposit thin films of hydroxyapatite on metallic or polymeric substrates, such as dental or
orthopedic implants, for biomedical applications [27-29]. The calcium phosphate-based coatings
obtained by the magnetron sputtering method are dense, pure, uniform in thickness, and have good
adhesion to the substrate [28]. Hydroxyapatite films deposited as interlayers between implants and
the human body have proven their utility in the acceleration process of prosthesis osseointegration
[27-29].

The doping of the hydroxyapatite layers with different biological active ions such as Ag, Sr, Zn,
Mg, Ti, or Ce is significant for biomedical applications [30]. At the same time, it is a hard task as the
physical, chemical, and biological properties of the HAp structure can be changed during Ca?/ion
substitution. For example, Ag is an antimicrobial agent with inhibitory activity against bacteria and
fungi while Sr and Zn have important roles in bone formation and wound healing. Mg-doped
hydroxyapatite can stimulate osteogenesis, enhancing resistance to mechanical stress. Ti is a
biocompatible material that promotes cell growth. Cerium ions can improve metabolism and possess
antibacterial properties [31].

The replacement of Ca?* with different ions into the HAp-deposited layer structure was
performed with RF magnetron sputtering discharges using two or three precursor targets [32], one
being HAp and the other one containing doping elements in different deposition parameters and
configurations.

In this paper, we report the results on the Ce-HAp coatings generated with RF magnetron
sputtering discharge using Ce-HAp as the precursor target with a Ce concentration of 5%. Ce-doped
hydroxyapatite coatings were previously generated by spin coating technique [31], electrolysis [33],
or biomimetic methods [34].

In our previous study on cerium-doped hydroxyapatite nanoparticles synthesized by the co-
precipitation method, we showed that cerium-doped hydroxyapatite may be prepared by the co-
precipitation method at low temperatures, and Ce ions can enter into the HAp structure by
substitution with calcium ions [35,36]. The current study presents for the first time the results
concerning the stability of cerium-doped hydroxyapatite particles in suspension and a comparative
study of the antimicrobial properties between the 5Ce-HAp suspension and the obtained coatings.
The results regarding the homogeneity of the surface coatings and the mixture of Ce* and Ce* ions
in the HAp structure of the coatings are also revealed.

2. Materials and Methods

2.1. Materials

The synthesis of CaioxCex(PO4)s(OH)2 was performed using ammonium hydrogen phosphate,
(NH4)2:HPO: (Sigma Aldrich, St. Louis, MO, USA, 299.0%), calcium nitrate tetrahydrate,
Ca(NOs)24H20 (Sigma Aldrich, St. Louis, MO, USA, 299.0%), cerium nitrate hexahydrate,
Ce(NOs)26H20 (Alpha Aesar, Kandel, Germany, 99.97% purity), ammonium hydroxide, NH«OH
(Sigma Aldrich, St. Louis, MO, USA, 25% NHs in H20 (T)), ethanol absolute, and double distilled
water.

2.2. Cerium-Doped Hydroxyapatite (CeHAp)

In order to obtain the cerium-doped hydroxyapatite nanoparticles solution, an adapted chemical
co-precipitation method [29] was used. The synthesis of Caio-xCex(PO4)s(OH)2, xce = 0.05, 5Ce-HAp,
was performed at room temperature. The (Ca + Ce)/P molar ratio of 1.67 was established in order to
obtain the stoichiometric hydroxyapatite [37,38]. Ca(NOs)2-4H20 and Ce(NOs)2:6H20 were dissolved
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in absolute ethanol and added in a beaker with a solution of (NHs)>HPOs. NH40OH was adding
throughout the synthesis process to keep the pH constant at 11. The solution was centrifuged after
stirring and redispersed in deionized water. The resulting 5Ce-HAp suspension was stirred for 24 h
at 100 °C. After stirring, the resulting 5Ce-HAp suspension was centrifuged, and the precipitate was
dried in the oven at 100 °C.

2.3. Thin Layer of CeHAp

The 5Ce-HAp coatings were generated in plasma by an RF magnetron sputtering discharge in
an Ar gas flow in a single run, using an RF magnetron source of 2 inches in diameter (acquired from
K.J. Lesker Company, East Sussex, UK) and a Ce-HAp sputtering target. By mechanically pressing a
Ce-HAp powder in air for a few minutes, the sputtering target was obtained. A 50 W RF power was
applied to the magnetron source, placed at distance of 8 cm from the grounded substrate holder. The
Ar working pressure of 4 x 10 mbarr (base pressure ~10° mbarr) and the 6 mIn/min Ar gas flow
were maintained for the entire deposition time of 3 h. Details about the experimental set-up of the
deposition chamber were presented in [39]. The temperature at the substrate holder was monitored
during the deposition process using a thermocouple probe (acquired from K.J. Lesker Company). It
varied from 125 °C (after 1 h deposition time) up to 135 °C (after 3 h deposition time). The resulting
5Ce-HAp coatings were heat treated in an oven at 700 °C for 4 h.

2.4. Characterization Methods

For the evaluation of the suspensions’ stability, ultrasound measurements were conducted. The
suspension was analyzed using ultrasound pulses according to previous studies [40]. At a very exact
interval (5.00 s), digital signals were recorded. As a reference fluid for signal processing, double-
distilled water was used. The double-distilled water is considered the most stable suspension.

The 5Ce-HAp suspensions were investigated by transmission electron microscopy with the aid
of a CM 20 (Philips-FEI, Hillsboro, OR, USA) transmission electron microscope equipped with a Lab6
filament operating at 200 kV.

Furthermore, the morphology of the 5Ce-HAp suspensions and coatings were also investigated
by scanning electron microscopy (SEM) using a Hitachi S4500 instrument (Hitachi, Tokyo, Japan).
The distribution of the elemental constituents was investigated by energy-dispersive X-ray
spectroscopy (EDS) using an EDAX (Ametek EDAX Inc., Mahwah, NJ, USA). For the 3D
representation of the images, Image J software (Image] 1.51j8, National Institutes of Health, Bethesda,
MD, USA) was used [41].

Complementary information about the surface morphology of the 5Ce-HAp coatings was
obtained by atomic force microscopy (AFM) analysis. The AFM investigations were realized using a
NT-MDT NTEGRA Probe Nano Laboratory instrument (NT-MDT, Moscow, Russia). The images
were acquired using the non-contact mode with the aid of a silicon NT-MDT NSGO01 cantilever coated
with a 35 nm gold layer, with a tetrahedral tip and a curvature radius of 35 nm and a height of 14-16 um.
The studies were performed at room temperature and the AFM micrographs were acquired on
surface areas of 3 x 3 um?2. The data analysis was performed using Gwyddion 2.55 software [42].

Molecular structure analysis of 5Ce-HAp thin films was performed by FTIR-ATR spectroscopy
using a Perkin Elmer SP-100 spectrometer (Waltham, MS, USA), in the 400-4000 cm™ spectral range.
Identification of the entire vibrational structure of P-O bonds was carried out by curve fitting
analyses of the 5Ce-HAp layers in the range of 500-700 cm! and 1000-200 cm-!. This process includes
a baseline correction of the experimental infrared spectrum and a second-order derivative calculation
for peak wavenumbers identification. A Lorentz-type profile curve was used for finding the peak
positions. The nonlinear least-squares data-fitting algorithm of the calculation software generated the
sum of Lorentz fitted curves by multiple iterations. The algorithm provides a valid convergent
solution when the position of the fitted curves is set correctly. The theoretical fitted curves were
analyzed. The IR deconvoluted curves procedure was previously reported in [43].
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Depth profiling of the 5Ce-HAp coatings was performed using GDOES (Horiba Company,
Longjumeau, France). The operation conditions of the GD Profiler were 650 Pa, 35 W RF power
impulse mode at 1 kHz, and a duty cycle of 0.25.

The X-ray photoelectron spectroscopy (XPS) measurements on titanium samples were
performed using a SES 2002 instrument (Scienta Omicron, Taunusstein, Germany) using a
monochromatic Al K(alpha) (hv =1486.6 eV) X-ray source (Scienta Omicron, 18.7 mA, 13.02 kV). Scan
analyses were carried out with an analysis area of 1 mm x 3 mm and a pass energy of 500 eV with the
energy step 0.2 eV and step time 200 ms. The binding energy of the spectrometer was calibrated by
the position of the Fermi level on a clean metallic sample. The power supplies were stable and of high
accuracy. The experiments were carried out in an ultra-high-vacuum system with a base pressure of
about 6 x 10% Pa. The XPS spectra were recorded in normal emission. For the XPS analyses, the
CasaXPS 2.3.14 software (Shirley background type) [44] with the help of XPS tables [45,46] were used.
All the binding energy values presented in that paper were charge corrected to C 1s at 284.8 eV.

2.5. In Vitro Antimicrobial Activity

The antimicrobial activities of the 5Ce-HAp suspensions and coatings were investigated using
common reference microbial strains, gram-positive Staphylococcus aureus ATCC 25923, gram-negative
Escherichia coli ATCC 25922, and fungal strain Candida albicans ATCC 90029. The experiments were
carried out using standard inoculums of a known concentration of 5 x 106 CFU/mL (colony forming
units per milliliter) for each microbial strain. For the antimicrobial assays, both 5Ce-HAp suspensions
and coatings were incubated with 1.5 mL of 5 x 10° CFU/mL microbial suspension in phosphate
buffered saline (PBS) in a petri dish for different time intervals. In order to assess the antimicrobial
activity of the tested samples, the suspensions were collected after 24, 48, and 72 h of incubation and
seeded on agar medium for 24 h at 37 °C. Afterwards, the number of CFU/mL was determined for
each of the contacts. The assays were done in triplicate, and the results were presented as mean +SD.

3. Results and Discussions

For the most complete information regarding the antimicrobial activity of cerium-doped
hydroxyapatite with xce = 0.05 (5Ce-HAp), antimicrobial studies were carried out on the final
suspensions, on the pressed powder (target), and on the coated surfaces.

The stability studies of the final 5Ce-HAp suspension performed by ultrasound measurements

1
showed good stability (Figure 1). The value of the stability parameter was § = A_

m

dt

in which Aw is the averaged amplitude of the signals. Moreover, the ultrasound studies showed that
the particles tend to concentrate near the separation surface during the sedimentation process. This

=9.8 x 10 s

increased concentration especially affected the higher frequency (8 MHz) components of t

he recorded signal, as shown in Figure 1a. The highest amplitude ratio of 0.83 for the frequency
of 3 MHz and the lowest of 0.75 at 8 MHz are presented in Figure 1a. All values are relative to those
of the reference fluid in the same conditions. Before ¢ =420 s, the amplitudes at all selected frequencies
were slowly decreasing. After the separation, the surface descends in front of the transducers and
these amplitudes tend to 1, which is normal for a complete sedimentation. The attenuation
dependency of frequency for both the 5Ce-HAp suspension and the reference fluid are presented in
Figure 1b. As can be seen from the attenuation dependence of frequency, the 5Ce-HAp suspension
had good stability compared to that of the reference fluid.

For the present samples, similar results have never been presented in the literature. However, a
similar ultrasonic technique was used in “Measurement of attenuation and dispersion using an
ultrasonic spectroscopy technique” [47] and “Ultrasonic wave propagation in colloidal suspensions
and emulsions: a comparison of four models” [48]. More details are given in the classical textbook
“Ultrasound for Characterizing Colloids” [49]. Compared with the last reference, we prefer to show
the time variation of spectral components of the suspension, capturing the entire sedimentation
process (Figure 1a). The first stage provides information about stability (we computed the slope in
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this region and a small slope indicates a good stability), the rapid variation towards the settled state
is shown to confirm the convergence towards the properties of water, the reference fluid. Figure 1b
compares the sample with the reference fluid. Some authors show the attenuation in dB/cm/MHz but
this can be more difficult to use in practice, where the relative attenuation in dB (or nepper in our
case) must ensure the detectability of the signal passing through a certain distance in the sample. In
addition, similar plots to the present manuscript were used in previous studies [37,40].
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Figure 1. Spectral amplitudes relative variation vs. time, for the first echo (a) and attenuation vs.
frequency for the first transmitted echo (b).

TEM and SEM analyses of the 5Ce-HAp suspension are presented in Figure 2. The morphology
of the 5Ce-HAp suspension evaluated by TEM analysis (Figure 2a) shows the particles with spherical
shape. The SEM analysis of the 5Ce-HAp suspension (Figure 2b) also revealed particles with spherical
shape. Both MET and SEM analyses showed that the 5Ce-HAp particles appear to be agglomerated.
The agglomeration process cannot be prevented because the particles precipitated after the
centrifugation of the suspension tend to become crowded during the drying process.

The PO« groups specific to the HAp structure traditionally exhibit vibrational modes at 470 cm™
(v2), 500-630 cm™ (va), 960 cm™ (v1), and 1000-1100 cm™ (vs) [50,51]. Additionally, small IR bands due
to COs?- groups or OH- groups at 1400 and 1630 cm™ can also be observed.

The IR bands characteristic to the PO+~ group in the HAp structure can be broadened or shifted
by a few cm™ to lower or higher frequencies as a function of the HAp doping concentration or
material type (bulk, nanoparticles, or films). In these cases, the curve fitting analysis of IR bands is
essential for the understanding of molecular structure of the chemical compound.
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a)

Figure 2. TEM analysis (a) and SEM image (b) of the 5Ce-HAp suspension. (Ce-HAp agglomerates
are depicted in red). 5Ce-HAp: cerium-doped hydroxyapatite (Ce-HAp) with xce = 0.05.

In Figure 3, the IR spectrum of the 5Ce-HAp sputtering target (Figure 3a) in comparison with
that of the 5Ce-HAp films (Figure 3b) generated by the RF magnetron sputtering technique, together
with the fitted curves, are presented. The 474 (O-P-O bonding mode), 960 (P-O symmetric
stretching), and 1035 and 1101 cm™ (P-O asymmetric stretching) IR bands present in the IR spectrum
of the 5Ce-HAp coating can be attributed to the internal vibrations in the POs3- groups in the apatitic
structure [32]. In the IR spectrum of the 5Ce-HAp target precursor (Figure 3a), these IR bands are
identified at 470 (O-P-O bonding mode), 960 (P-O symmetric stretching), and 1023 and 1090 cm™
(P-O asymmetric stretching) [32,5].

The deconvolution of the IR bands centered at ~580 and ~1070 cm™ also revealed the apatitic
structure of the deposited layers (Figure 3b). The deconvoluted curves from 564 and 603 cm™' belong
to P-O internal vibrations (O-P-O bending mode vs) in PO4*-, while the 1035, 1075, and 1101 cm™
bands are characteristic of the symmetric and asymmetric stretching vibrations of P-O in PO«- [5].
The bands from 1007 and 1118 cm™ were previously associated to the vibrations of P-O bonds in the
non-apatitic phosphate structure [32]. In the spectrum of the 5Ce-HAp target (Figure 3a), the O-P-O
bending vibrations manifested an absorption band at 560 cm™. The broadening of the IR bands from
500-700 cm™ and 900-1200 cm™ in the IR spectrum of the 5Ce-HAp film in comparison with the IR
spectrum of the precursor target indicate the formation of interlinked bonds in the layer bulk.

The 491 and 734 cm™ bands could suggest the formation in the film of CeOz and P20 groups,
respectively, during the deposition process. The formation of CeO: in the layer is possible, as during
the deposition process, substitutions of Ce® and Ce*in the HAp structure [5] can occur. The substitution
of [Ce*/Ce*] for Ca* was correlated with the weakening of the IR bands, characteristic to O-H
vibrations [5]. For balancing the charges in HAp, the OH are transformed to O*. In Figure 3b the
presence of the IR bands specific to CeO:z (where cerium is bonded as Ce**) and the absence of 630 cm™!
water molecules in the IR band are in agreement with the interpretations presented in [5]. The formation
of the P20 group can be explain by the conversion of HPO4? in the deposition plasma [32].

The elemental depth profiling characterization of the 5Ce-HAp coatings was performed by
GDOES. With this technique, the distribution of each element contained in a layer is given from its
surface until the substrate interface. Each element depth profile curve is given as a function of
sputtering time of the analyzed sample area (usually 4 mm of diameter surface).
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Figure 3. FTIR spectrum of (a) the 5Ce-HAp target and (b) the 5Ce-HAp coating deposited on the Si
substrate.

Depth profiling investigation of the 5Ce-HAp sample deposited on the Si substrate by the
magnetron sputtering technique exhibited distribution of Ca, P, O, H, C, and Ce atoms into the
coating. The time dependence of the depth profile curve of Si pointed out, in addition to the
layer/substrate interface, the connection between the elements contained in the deposited layer. Thus,
it can be observed in Figure 4 that the depth profiles of Ca, P, O, and Ce have similar behavior. At the
interface between the Ce-HAp coating and the Si substrate some peaks can be observed in the case
of Ca, P, and Ce curves as an indication of their diffusion/implantation into the substrate. As these
peaks have the same position on x-axis, it is possible indicate the links between these elements in the
Si substrate. There are no such peaks in the case of the other elements contained in the layer.

In order to study the surface chemical state of cerium-doped hydroxyapatite and the evidence
of successful doping of the HAp lattice with cerium ions, XPS analyses were conducted. On the other
hand, XPS analysis was used to determine the oxidation state of Ce ions in the 5Ce-HAp sample.
Thus, Figure 5 shows the XPS spectra of the 5Ce-HAp coated before etching (a) and after etching (b)
for the binding energy (BE) range of 0-1100 eV, calibrated with C 1s (before etching 289.5 eV, after
etching 291.8 eV) as the reference. In the spectra of the 5Ce-HAp before and after etching, it can be
clearly seen that the presence of Ca (2p), P (2p), O (1s), and Ce (3d) with the BE of 340-350, 133, 351,
and 880-930 eV was detected [52]. The main peaks assigned to the binding energies of Ca 2p, O 1s, P
2p, and C 1s are in good agreement with the previous studies of HAp [53]. The signal of the C 1s
element was due to the carbon used as a reference. The phase purity of HAp nanoparticles doped
with Ce was confirmed by the absence of any peaks corresponding to the metal traces and other
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impurities in the survey spectrum of the 5Ce-HAp coatings. These results are in good agreement with

the FTIR analysis of the coatings.
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Figure 4. Elemental depth profiles of the 5Ce-HAp thin film deposited by radio frequency (RF)
magnetron sputtering discharge on the Si substrate.
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Figure 5. Spectra of the 5Ce-HAp coating before (a) and after (b) etching.

In Figure 6, the narrow scan spectrum of Ce (3d) before and after etching is exhibited. The spin
orbit separation for Ce 3d is about 18.5 eV. The aspect ratio between the 3d5/2 and 3d3/2 components
was kept constant during the deconvolution. The individual features (4f2, 4f1, and 4f0) were varied
during the fits. The amounts of Ce* and Ce* in the 5Ce-HAp layers were estimated from the area
under the deconvoluted spectra. The results obtained after deconvolution of the Ce (3d) region of the
5Ce-HAp layers, before etching, showed that the percentage of Ce* ions was 79.7% and the
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percentage of Ce* ions was 20.3%. On the other hand, after deconvolution of the Ce (3d) region of
the 5Ce-HAp layers, after etching, the percentage of Ce** ions was 78.5% while the percentage of Ce*
ions was 21.5%. As can be seen, the percentages of Ce* and Ce* ions calculated for the 5Ce-HAp
layer before and after etching varied by ~1% more or less. These results showed that the cerium ions
that entered the crystal lattice of the hydroxyapatite through the substitution with calcium ions,
existed as a mixture of Ce®* and Ce* ions. The major valence state of Ce that replaced the Ca* ions
was trivalent. This mixture of oxidation states in Ce-HAp could be caused by the high temperature
treatment of the 5Ce-HAp layers at 700 °C for 4 h. Moreover, the mixture of Ce* and Ce* ions into
the HAp structure may be due to the deposition process. The results of this study are in agreement
with those previously presented by M. Yan et al. [54].

a) i | b)
Ce 3d XPS: sample 5 Ce-HAp (before etching) Ce 3d XPS: sample 5 Ce-HAp (after etching)
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Figure 6. XPS Ce 3d regions of the 5Ce-HAp coating before (a) and after (b) etching. Upper spectra:
Data and total fit after subtraction of a linear background. Lower spectra: Dotted line represents Ce3*
and solid line represents Ce*". The various components of the Ce* and Ce** core levels corresponding
to different 4f-counts are shown in (b).

SEM micrographs and the EDS dot maps of different elements in the 5Ce-HAp coatings
composite are shown in Figure 7. The surface was homogenous with particles having a spherical
shape. Cracks in the layer were not observed. The EDS dot maps indicate that all constituent elements
(Ca, P, O, and Ce) were uniformly distributed on the surface layer (Figure 7b—e). The overlap of the
constituent elements is also presented in Figure 7f.

In addition, the 2D conventional SEM image and its 3D representation obtained with the aid of
Image ] software (Image] 1.51j8, National Institutes of Health, Bethesda, MD, USA) [41] of the surface
morphology of the 5Ce-HAp coatings is presented in Figure 8a,b. Both the 2D as well as the 3D
representation of the SEM surface topography of the 5Ce-HAP coatings suggested the presence of a
uniform deposition layer with no fissures or other imperfections.

The morphology of the 5Ce-HAp coating’s surface was investigated using AFM studies. The
surface topography of the 5Ce-HAp coatings is presented in Figure 9a. The 2D image of the surface
morphology of the 5Ce-HAp coatings acquired by AFM analysis demonstrated that the 5Ce-HAp is
a uniform and continuously deposited layer with no visible fissures and cracks. Furthermore, the 3D
representation of the 2D topography depicted in Figure 9b of the 5Ce-HAp coatings also suggested
the existence of a uniform and continuously deposited layer with no discontinuities. The results
obtained using AFM analysis are in agreement with those of the SEM studies, which also revealed
that the 5Ce-HAp coatings present a uniform and homogenous morphology.

In recent years, one of the main concerns of health care workers and researchers has been the
emergence of drug resistant microbial strains. Therefore, considerable attention was paid to the
development of new strategies for preventing and combating the infections caused by multi-drug
resistant microbial strains. Two of the most prevalent emerging strains that have developed
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resistance to a wide range of antibiotics used as conventional antimicrobial treatments are gram-
positive and gram-negative bacterial strains such as Staphylococcus aureus and Escherichia coli.

In this study, the antimicrobial activity of the 5Ce-HAp coatings, obtained from stable
suspensions of 5Ce-HAp, as well as the antimicrobial efficiency of the 5Ce-HAp suspensions were
investigated using gram-positive Staphylococcus aureus ATCC 25923, gram-negative Escherichia coli
ATCC 25922, and fungal Candida albicans ATCC 90029. The antimicrobial activity of the samples
against the tested microbial strains was investigated at various time intervals (24, 48, and 72 h). The
antimicrobial efficiency of the samples was assessed by determining the CFU at different time
intervals of incubation of the tested samples with standard solutions of the microbial strains. The
results of the antimicrobial studies are presented in Figure 10.

Figure 7. SEM surface morphology images of 5Ce-HAp (a). The element mapping of the prepared
5Ce-HAp coating (b—e). The overlap of the constituent elements (f).

Figure 8. SEM image (a) and 3D representation of SEM image (b) of the 5Ce-Hap coatings.
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Figure 9. AFM topography image of the 5Ce-HAp coatings’ surface presented in 2D (a) and 3D
representation of the surface topography of the 5Ce-HAp coatings (b).
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Figure 10. The graphical representation of the Log colony forming units (CFU)/mL as a function of
time of exposure to the HAp and 5Ce-HAp suspensions (a) and HAp and 5Ce-HAp coatings (b).

The results obtained from the antimicrobial assays demonstrated that both 5Ce-HAp
suspensions and 5Ce-HAp coatings effectively inhibited the development of CFU in the case of all
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tested microbial strains. Moreover, the antimicrobial efficacy of HAp suspensions and HAp coatings
were also investigated. The results demonstrated that both HAp suspensions and HAp coatings
aided the proliferation of the microbial cells and promoted their growth for all tested intervals and
all investigated microbial strains. These results are in good agreement with previously reported
studies regarding the lack of antimicrobial properties of hydroxyapatite [37,55-56]. Furthermore, the
results also suggested that a biocidal effect was observed in the case of 5Ce-HAp suspensions against
E. coli and C. albicans microbial strains after 72 h of incubation. Moreover, the results suggested that
both in the case of 5Ce-HAp suspensions and 5Ce-HAp coatings the inhibitory effect against the
development of microbial CFU was enhanced with the increase of the incubation time interval. In
addition, the results of the antimicrobial assays suggested that the 5Ce—-HAp suspensions were more
efficient against the tested microbial strains than were 5Ce-HAp coatings for all tested microbial
strains. Moreover, the data suggested that both 5Ce-HAp suspensions and 5Ce-HAp coatings
inhibited the development of microbial cells after 24 h of incubation. These results are in good
agreement with previous reported studies regarding the efficacy of cerium-doped hydroxyapatite in
inhibiting microbial cells development [57,35,58]. The antimicrobial effects presented by both 5Ce-HAp
suspensions and 5Ce-HAp coatings were attributed to the presence of cerium ions in the lattice of the
hydroxyapatite. These findings are also in good agreement with the existing studies [35,57,58]. Cerium
is a rare earth element belonging to the lanthanides family and is present in the human body from
the environment. These ions have the ability accumulate in bones and the liver. The biological effects
of the cerium ions are not well known or documented, but recent studies have shown that cerium
salts could stimulate some metabolic processes [59]. There are only a few reported studies regarding
the antibacterial properties of cerium ions and their use in biomedical applications [60-62]. Both Lin
etal. [62] and Ciobanu et al. [35] reported that the antibacterial properties of the samples was strongly
influenced by the cerium ion concentration from the hydroxyapatite lattice. The mechanism involved
in the antimicrobial properties of the cerium ions was attributed to the ability of producing reactive
oxygen species, of inducing oxidative stress inflammation, or by inflicting direct damage to the
microbial cells, but this is not a well-documented conclusion, and more complex studies should be
performed in order to fully understand the mechanism involved in this [35,57,58,63]. Furthermore,
in their study on the “Influence of thickness and coatings morphology in the antimicrobial
performance of zinc oxide coatings”, the authors revealed that when compared with the control, the
thinner samples presented a less pronounced antibacterial activity than the thickest samples [64]. In
addition, the study highlighted that the thickest coating showed a reduction in the number of
bacterial cells [64]. Recent studies have also shown a correlation between the roughness of the
coatings surface and their biological properties [65,66]. These studies confirm our results and
emphasize that the antimicrobial activity of the investigated samples could be attributed not only to
the chemical constituents of the coating but may also be influenced by the synergies developed
between the chemical constituents of the Ce-HAp with the substrate, by the surface properties of the
samples, and by the coatings thickness. In this context, the understanding of the mechanism of
antimicrobial action of coatings could represent a first step in their optimal utilization as
antimicrobial agents for biomedical applications.

The results obtained in this study are in good agreement with the few reports in the literature
and suggest that both 5Ce-HAp suspensions and 5Ce-HAp coatings presented excellent
antimicrobial properties against the most common and prevalent microbial strains often associated
with hospital infections. The data also emphasized that the antimicrobial properties are strongly
correlated with the incubation time for all tested microbial strains. Therefore, the results of this study
suggest that both 5Ce-HAp suspensions and coatings could be successfully used in the development
of novel antimicrobial agents for biomedical applications.

4. Conclusions

This paper presents the results of the antimicrobial properties of the 5Ce-HAp coatings
generated in plasma by RF magnetron sputtering. For the first time, targets were obtained to achieve
layers, taking into account the stability of the 5Ce-HAp suspensions. The surface of 5Ce-HAp



Coatings 2020, 10, 516 14 of 17

coatings was homogenous with particles having a spherical shape, similar to the particles of the 5Ce—
HAp suspension. The elemental mapping analysis of the 5Ce-HAp coatings revealed that the Ca, P,
O, and Ce chemical elements were uniformly distributed on the surface. The FTIR results were
confirmed by XPS analysis. The FTIR results revealed the presence the PO+~ groups specific to HAp
structure. XPS analysis revealed a mixture of Ce® and Ce* ions in the HAp structure of 5Ce-HAp
coatings that may be due to the deposition process.

Furthermore, a comparative study of the antimicrobial properties of the 5Ce-HAp coatings and
suspensions was performed. It has been shown that the layers generated from targets made from
powders obtained by centrifugation of stable nanoparticle suspensions have antimicrobial properties
similar to those of the suspensions. The antimicrobial assays of the 5Ce—-HAp suspensions and 5Ce-
HAp coatings demonstrated that they effectively inhibited the development of CFU for all tested
microbial strains. Furthermore, the antimicrobial assays emphasized that the 5Ce-HAp suspensions
had a biocidal effect against E. coli and C. albicans microbial strains after 72 h of incubation. In
addition, the results also suggested that the antimicrobial effect of the suspensions and coatings are
strongly correlated with the incubation time and also that the antimicrobial effects are attributed
solely to the presence of cerium ions from the hydroxyapatite lattice. The antimicrobial assays of the
HAp suspension and HAp coatings revealed that these materials presented a stimulating effect on
the microbial cell development. These findings suggest that the 5Ce-HAp coatings obtained from
5Ce-HAp stable suspensions could be successfully used in the development of novel antimicrobial
agents for biomedical applications, and future investigations should focus on the antimicrobial
mechanisms of these types of materials.
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