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Abstract: Samarium doped hydroxyapatite (Cajg_xSmx(PO4)¢(OH),, xgm = 0.5, 50SmHAp) is a very
promising candidate to be used for different coatings in various dental and orthopedic implants.
We report, for the first time, the obtaining of 50SmHAp thin films by a cost-effective method,
namely spin coating. Thin films of 50SmHAp on silicon substrate have been analyzed by various
techniques such as Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy
(SEM), atomic force microscopy (AFM), Metallographic microscopy and Glow Discharge Optical
Emission Spectroscopy (GDOES). The stability of 50SmHAp suspension was evaluated by ultrasound
measurements. Fourier transform infrared spectroscopy (FTIR), transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) were also used to evaluate the 50SmHAp suspension.
The antifungal activity of 50SmHAp suspension and coatings was assessed using Candida albicans
ATCC 10231 fungal strain (C. albicans). The results of the antifungal assays depicted that both
50SmHAp suspensions and coatings were effective in inhibiting the development of C. albicans
fungal cells, thus making them ideal candidates for the development of novel antifungal agents. The
obtained results give new perspective for possible applications of 50SmHAp thin films in various
medical applications due to their antifungal properties.

Keywords: samarium; hydroxyapatite; spin-coating; coatings; morphology; antifungal assay

1. Introduction

Currently, the use of biocomposites in areas such as implantology and dentistry is
growing. One of the most studied biomaterial with possible biomedical applications is
hydroxyapatite (HAp). Due to its unique biological properties (biocompatibility, bioactivity,
osteoconductivity, etc.), HAp could be used successfully in orthopaedics and dentistry [1,2].
In general, hydroxyapatite is a stoichiometric calcium phosphate, stable with a Ca/P molar
ratio equal to 1.67 [2]. On the other hand, the structure of HAp allows a various number
of ionic substitutions of Ca?* ions from their structure. The presence of foreign ions (Ag*,
Eu®*, Sm3*, Zn?*, etc.) in its structure improve both the physicochemical and the biological
properties, thus increasing the area of applicability of this special biomaterial [2-7].

It is well known, that Samarium (Sm3*) is a lanthanide that could enhance both antimi-
crobial [8] and photoluminescent properties [9] of the host materials. Recent studies, have
also shown that the biological activity of samarium doped hydroxyapatite (SmHAp) it is
strongly influenced by the amount of Sm>* that is found in the samples [10-14]. Moreover,
has been highlighted that the presence of Sm3* in various biomaterials, used in the medical
field, increases their anticancer activity [15,16]. Ying L. and collaborators, in their study
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entitled “Long-term biodistribution in vivo and toxicity of radioactive/magnetic hydrox-
yapatite nanorods”, showed that Sm-HA:Gd nanorods exhibit an excellent y-emission,
relaxivity and biocompatibility thus making them suitable for potential applications in the
biomedical area (including single-photon emission computed tomography (SPECT) and
magnetic resonance imaging (MRI) [17]. Moreover, according to previous studies, the pres-
ence of lanthanide ions on surface of the magnesium alloys induces a superior corrosion
resistance, anticancer and antimicrobial activity [16]. The interaction between the implant
surface and the surrounding tissue is essential and thus it becomes imperative to obtain coat-
ings with improved biological and antimicrobial properties and finally high-performance
implants [18]. Furthermore, previous studies showed that samarium-based compounds, ob-
tained by various techniques could be used in fields such as: nuclear nanomedicine [19,20],
molecular dual-targeted radiotherapy of hepatocellular carcinoma [21], low-temperature
solid oxide fuel cell application [22], white light-emitting diodes [23], biosensing appli-
cations in biological fluids [24], high-density optical memory devices [25], etc. It is well
known, that hydroxyapatite coatings could be obtained by various techniques including:
pulsed laser deposition (PLD) [26]; thermal evaporation technique [10], rf magnetron sput-
tering [12,18], dip coating [18,27], spin coating [18], electrochemical and hydrothermal
synthesis [28], etc. One of the widely used deposition technique is spin coating, due to the
fact that it is a simple route that allows the obtaining of uniform and homogeneous layers
at low temperatures [29,30].

One of the major complications that could appear after implant related surgery and
lead to the rejection of the implant is the occurrence of infection with Candida albicans fungal
strain [31,32]. Therefore, in order to combat this major health problem, it is important to
use implants coated with biomaterials with intrinsic antimicrobial properties [31,32] such
as samarium-doped hydroxyapatite [13].

The results of our previous studies conducted on samarium doped hydroxyapatite
(xsm = 0.05 and 0.1) coatings deposited on Si substrate showed, on the one hand their
improved biocompatibility with the gingival, HeLa and osteoblastic cells line and on the
other hand a superior antimicrobial activity (against Staphylococcus aureus, Enterococcus
faecalis, Escherichia coli, Pseudomonas aeruginosa and Candida albicans microbial strain) [11-14].
Therefore, due to these new improved biological properties, this type of materials could be
used in many medical applications.

As far as we know, no previous studies have been performed on samarium doped
hydroxyapatite (xsy, = 0.5, 50SmHAp) coatings deposited on Si substrate through spin
coating method for biomedical application (such as prosthesis coating, implantology, stom-
atology, etc.). Therefore, it is valuable to investigate the physicochemical and antimicrobial
properties of 50SmHAp suspension and coatings to see the extent to which they can be
used in such bioapplications. The purpose of this research was to prove that an adapted
co-precipitation method is adequate to obtained a stabile suspension for the fabrication
of samarium doped hydroxyapatite (Cajg_xSmx(PO4)s(OH)z, xsm = 0.5, 50SmHAp) thin
films on Si substrate by spin-coating technique. The aim of this work was to synthesize
the stabile suspension of 50SmHAp (xgy, = 0.5) in order to produce uniform coatings. We
have demonstrated that a simple procedure such as spin-coating technique allows the
obtaining of thin films of SmHAp with antifungal properties. To the best of our knowledge,
this is the first time that spin-coating technique has been used to realize thin films of
SmHAp (xgm = 0.5).

The 50SmHAp suspensions were investigated from the point of view of stability by
ultrasonic measurements and from morphological point of view by transmission electron
microscopy (TEM) and scanning electron microscopy (SEM). The 50SmHAp thin films
were characterized using scanning electron microscopy (SEM), atomic force microscopy
(AFM), metallographic microscopy (MM), Fourier transform infrared spectroscopy (FTIR),
and Glow Discharge Optical Emission Spectroscopy (GDOES). Moreover, the results of
the antimicrobial assay performed on 50SmHAp suspension and coatings against Candida
albicans ATCC 10231 (C. albicans) fungal strain are presented, respectively.



Coatings 2021, 11, 1466

30f19

2. Materials and Methods
2.1. Materials

The samarium doped hydroxyapatite (Cajg_xSmy(PO4)s(OH)2, Xsm = 0.5, 50SmHAp)
suspensions were synthesized using calcium nitrate tetrahydrate, Ca(NOj3),-4H,O
(Sigma Aldrich, St. Louis, MO, USA, >99.0%), ammonium hydrogen phosphate, (NH4),HPO4
(Sigma Aldrich, St. Louis, MO, USA, >99.0%), samarium nitrate hexahydrate, Sm(NO3)3-6H,O
(Alpha Aesar, Landau, Germany, 99.97% purity), ammonium hydroxide, NH4OH [Sigma
Aldrich, St. Louis, MO, USA, 25% NHj; in H,O (T)], deionized water (Milli—DI® Water
Purification System for Deionized Water, Merck, Darmstadt, Germany). The ethanol
absolute and double-distilled water were also used to achieve 50SmHAp.

2.2. Samarium Doped Hydroxyapatite Thin Films Using Spin-Coating Technique

The 50SmHAp samarium doped hydroxyapatite suspensions were synthesized ac-
cording with previous studies [8,33-35] where (Ca + Sm)/P molar ratio was 1.67, to obtain
a compound that retains the structure of pure hydroxyapatite. The resultant 50SmHAp
suspension was aged at 40 °C for 24 h before being used for the manufacture of thin films
by spin-coating method. In this study the Si was used as substrate (7 mm X 7 mm). The
degreasing of the substrate was performed with acetone in ultrasonic bath for 10 min. After
that, the Si substrate was washed with deionized water and dried at 500 °C for 30 min in
order to eliminate the remaining contaminants from the substrate surface. The deposited
thin films were produced by spin-coating 0.2 mL of 50SmHAp suspension at 3500 rpm for
10 s. The 50SmHAp deposited thin films were dried for 15 min in air at room temperature.
The above deposition procedure was repeated in triplicate to obtained films to finally have
sufficiently thick films. The final 50SmHAp thin films were thermally treated in an oven at
100 °C and calcined at 500 °C for 2 h (heating rate of 2 °C/min). The synthesis method of
Samarium doped hydroxyapatite thin films is revealed in Figure 1.

(NH,),HPO,
50 mL+water

(Ca+Sm)/P = 1.67

NH,OH
pH = 10

1 7 ; ;
f——>»| Filtration
(CaNo,),4H,0 l
+ .
Sm(NO,),6H.0 Washing
+
100 mL ETHANOL

SmHAp-Suspension
Aged at 40 °C, 24 h

X, = 0.5

Deposited thin films|

Figure 1. Synthesis method of Samarium doped hydroxyapatite thin films.
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2.3. Characterization Methods

The non-destructive ultrasound studies were used in order to evaluated the stability
of the suspension used to achieve 50SmHAp thin films [36-38]. As a reference to evaluate
the stability of the suspension was used the double-distilled water. Spectral amplitude as
a function of frequency for the suspension in relation to reference fluid, relative spectral
amplitudes as a function of frequency were used to analyze the stability of the suspension.
Attenuation vs. frequency for echo 1 of the suspension and reference fluid and relative
spectral amplitudes as a function of time were also used in order to evaluate the stability of
the suspension.

The transmission electron microscopy images (bright field mode) were obtained with
the aid of a CM 20 instrument (Philips FEI, Eindhoven, The Netherlands) equipped with a
Lab6 instrument (which works at 200 kV). In order to estimate the average particle size
(DteM), 600 particles were measured. Additional information regarding the morphology
and elemental composition of the studied samples were obtained by scanning electron
microscopy (SEM). For this purpose, a Hitachi S4500 instrument (Hitachi, Tokyo, Japan)
equipped with an energy-dispersive X-ray (EDX) analyzer (Ametek EDAX Inc., Mahwah,
NJ, USA). Prior to being placed on the microscope for analysis, a drop of 50SmHAp sus-
pension was put on a double-sided adhesive carbon tape and dried in vacuum condition.
In order to calculate the average particle size (Dsgpp), 600 particles were measured. Fur-
thermore, the thin films thickness was also assessed by SEM using a cross sectional image
of the coatings. The thickness of the composite layers was estimated from 10 individual
measurements on the same image and presented as mean & SD. NT-MDT NTEGRA Probe
Nano Laboratory instrument (NT-MDT, Moscow, Russia) was used to study the 50SmHAp
coatings surface topography. A silicon NT-MDT NSGO01 cantilever coated with a 35 nm gold
layer was used for obtaining of the atomic force microscopy (AFM) images in non-contact
mode (on a surface area of 10 um x 10 um). Also, the root mean square roughness (Rrms)
was estimated. The AFM investigations were carried out in environmental conditions and
the data processing was done using Gwyddion 2.55 software (Department of Nanometrol-
ogy, Czech Metrology Institute, Brno, Czech Republic) [39]. The 3D surface representation
of AFM images was obtained using Image J software (Image] 1.51j8, National Institutes of
Health, Bethesda, MD, USA) [40].

An inversed trinocular metallographic microscope OX.2153-PLM (Euromex, Arnhem,
The Netherlands) was used in order to obtain complementary information about the surface
morphology of 50SmHAp coatings. The metallographic images were recorded using the
10x objective of the microscope (100X total magnification). The 3D surface representation
of the metallographic images was obtained using Image J software (Image] 1.51j8, National
Institutes of Health, Bethesda, MD, USA) [40].

Fourier transform infrared—Attenuated total reflection (FTIR-ATR) spectra were
recorded using a Perkin Elmer SP-100 spectrometer (Waltham, MA, USA) with a reso-
lution of 4 cm~! in the 400-4000 cm~! spectral range. The curve fitting analysis and
second derivative spectra were obtained using the protocol described in our previous
papers [11,41,42].

Depth profiles of the 50SmHAp thin films deposited on the Si substrates by spin coat-
ing method were achieved using glow-discharge optical emission spectroscopy (GDOES).
The GDOES spectra were obtained using a GD-Profiler 2 (Horiba France SAS Longjumeau,
France) instrument operated at working parameters: 650 Pa (argon atmosphere) with
application of RF of 1 kHz and power of 35 W. A circular area with a diameter of about
4 mm was chosen to detect the signals.

2.4. In Vitro Antifungal Assays

The in vitro antifungal studies were performed using the reference fungal strain
Candida albicans ATCC 10231 (ATCC, Manassas, VA, USA). The experiments were done
with fungal suspensions having an approximate concentration of approximately
10°-10° colony forming units (CFU)/mL as previously reported in [43].
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The qualitative assay was achieved for three different incubation periods (24, 48 and
72 h) by visualization of C. albicans fungal cells on the surface of 50SmHAp coatings by
scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM). The
preparation of the samples for SEM and CLSM studies was realized as previously described
in [44,45]. The 3D representation of the SEM and CLSM images were obtained with the aid
of Image ] software (Image J 1.51j8) [40].

The quantitative assays of the antifungal activity of both 50SmHAp suspensions and
coatings were performed using an adapted method (E2149-10; ASTM International, West
Conshohocken, PA, USA) [46,47], previously described [48]. A well containing only micro-
bial suspension was used as the positive control (C+). The experiments were performed in
triplicate and repeated three times and the results were presented as mean =+ SD.

3. Results

The stability of the suspension used to obtain 50SmHAp thin films was evaluated using
ultrasound measurements. Several specific parameters were determined for three echoes
and here is presented the signal analysis for the first echo. Transmitted ultrasonic signals
were recorded during 2500 s, analyzed and compared to double-distilled water, considered
as reference fluid, with perfect stability, in the same experimental conditions. The frequency
analysis of the recorded signals provided the spectral amplitude as a function of frequency
for the suspension of 50SmHAp in relation to reference fluid as shown in Figure 2a. The
reference fluid spectrum shows the amplitudes distribution with the frequency that is
specific to the transducer used. The maximum observed at around 4 MHz is located at the
resonant frequency of the transducer. The stability of the 50SmHAp suspension is proven
by the perfect superposition of all spectral amplitudes of the recorded signals. The spectral
amplitudes are lower than those in the reference fluid, due to the attenuation. In order to
see the dependence of the frequency amplitude without the influence of the transducer
characteristic spectrum, the amplitude ratio is determined at each frequency in relation to
the reference fluid. The ratios of the spectral amplitudes of the 50SmHAp suspension and
the amplitude in the reference fluid are presented in Figure 2b. The close to linear decrease
of these ratios indicate a linear increasing attenuation with frequency, without sudden
variations attributable to elastic resonances of the nanoparticles. Indeed, in Figure 3a
is presented this attenuation in nepper/m showing a similar increase with increasing
frequency as that of the reference fluid, which is perfectly homogeneous. This linear
evolution of the relative amplitudes vs. frequency is typical for dispersions of nanoparticles
at relative low frequencies (4 MHz), in accordance with existing references [49]. The
amplitudes of signals of the three recorded echoes, relative to the corresponding echoes of
the reference fluid (Figure 3b) highlight the stability over time of the 50SmHAp suspension,
by the constancy of these relative amplitudes along the recording time of 2500 s. The
stability parameter calculated for the 50SmHAp suspension was 5.47742 x 107 (1/s.) This
behavior proves the perfect stability of the 50SmHAp suspensions.

Transmission electron microscopy (TEM) was used to investigate the morphology of
50SmHAp suspensions. The results of TEM studies are shown in Figure 4a,b. Thus, in
the TEM micrographs (Figure 4a) obtained on the analyzed sample it can be seen that the
nanoparticles have an elongated morphology. Also, the average particle size (obtained from
TEM measurements) was estimated (Figure 4b). Therefore, for the 50SmHAp suspension,
an average particle size of 8 £ 2 nm was obtained.
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Figure 2. Spectral amplitude as a function of frequency for the suspension of 50SmHAp in relation to
reference fluid (a) and Relative spectral amplitudes as a function of frequency (b).
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50SmHAp suspension
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Figure 4. TEM micrographs (a) and particle size distribution of 50SmHAp suspension (b).

The morphology and chemical composition of both samples (50SmHAp suspension
and coating), were analyzed using a scanning electron microscope (SEM) coupled with an
EDX (energy dispersive X-ray) device. Figure 5a,b shows the SEM images together with
the average particle size obtained on the 50SmHAp suspension. The SEM image (Figure 5a)
shows that the 50SmHAp suspension is made up of nanometric particles with an elongated
morphology and with a pronounced agglomeration tendency. Also, for the 50SmHAp
suspension (Figure 5b), an average particle size of 9 £+ 1 nm was obtained (estimated from
SEM measurements).

50SmHAp suspension

3]

0 5 10 15 20
Diameter (nm)

Figure 5. SEM image (a) and particle size distribution (b) of 50SmHAp suspension.

In the Figure 6a—c the SEM micrographs are revealed, in addition to the coating thick-
ness with the EDS spectra characteristic to the 50SmHAp coatings. The SEM micrographs
obtained on the studied coating shows that their surface is nanostructured, continuous,
uniform without the presence of fissures or other noticeable defects (Figure 6a). Also,
the EDS spectra confirms on the one hand the presence of Ca, P, O and Sm in the sam-
ples and on the other hand the purity of the analyzed coatings is highlighted. The Si
line from the EDS spectra (Figure 6¢) arise from the Si substrate. The thickness of the
thin films was determined from the cross-section image analyzed by scanning electron
microscopy as presented in Figure 6b. The thickness of the composite layers was obtained
from 10 individual measurements and presented as mean & SD. The measurements of the
coatings thickness were done using Image J software [40]. The results revealed that the
NBrHAp coatings thickness was approximately 97.51 &+ 9.03 nm.
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Figure 6. SEM micrographs (a) coating thickness (b) and EDS spectra (c) characteristics of the
50SmHAp coatings.

Furthermore, the surface topography of the 50SmHAp coatings was analyzed using
atomic force microscopy. The results of the AFM studies are showed in Figure 7. Thus, the
presence of well-distributed nanoagglomerates can be observed as well as the continuity of
the coatings. Also, the uniformity of the coatings is highlighted both in the 2D AFM images
and in their 3D representation. At the same time, the roughness (Rrms) of the 50SmHAp
layers deposited on the Si substrate, obtained following the AFM studies was 9.87 nm.

Additional information regarding the 50SmHAp coatings surface morphology was
obtained with the aid of metallographic microscopy. Both representation (2D and 3D)
of the surface morphology specific to the 50SmHAp coatings are presented in Figure 8.
Our results, suggest that the coatings are continuous and without defects. Therefore, our
results obtained by three different microscopic methods (SEM, AFM and metallographic
microscopy) used to study the topography/morphology of the 50SmHAp coating surfaces
are in good agreement suggesting the obtaining of a uniform and continuous coatings
(with no evidence of surface defects).
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Figure 7. Typical 2D (a) and 3D (b) AFM images of surface topography obtained on 50SmHAp coatings deposited on

Si substrate.

Figure 8. 2D Optical micrograph (100 x total magnification) of the 50SmHAP coatings microstructure
(a) and their 3D representation (b).

The presence and the identification of the main vibrational bands specific to the hydrox-
yapatite structure was performed with the aid of infrared spectroscopy. In the Figure 9 are pre-
sented the specific absorbance spectra deconvoluted in the 450-700 cm ! and 900-1200 cm !
spectral regions obtained for 50SmHAp coatings (a,b) and suspension (c,d).

For a better identification of molecular species from the 50SmHAp suspensions
and coatings, the deconvolution of the vibrational bands presented in the 450~700 cm ™!
and 900-1200 cm ™! spectral domains was performed. After the deconvolution of FTIR
spectra, four subbands were obtained for 450-700 cm~! spectral region and six sub-
bands for 900-1200 cm ! domain. In the case of 50SmHAp coatings the vibrational sub-
bands specific to v4 [PO4]?~ from HAp structure are found at: 538 cm~L; 566 cm~L;
603 cm ! (Figure 9a) [11,12,41]. Meanwhile the subbands typical for the v3 [PO4?~ were
noticed at: 1030 cm™!; 1034 cm™!; 1045 cm™!; 1066 cm™!; 1093 cm ™! and 1100 cm ™!
(Figure 9b) [11,12,41]. The main vibrational band found at 961 cm~! can be attributed to
the vq [PO4]°~ from the HAp structure. Also, the broadened band observed at 473 cm !
belongs to v, [PO4]?~. Moreover, for the 50SmHAp suspension, the position of sub-
bands specific to v4 [PO4]?~ from HAp structure are at: 539 cm ;567 em~!; 603 cm !
(Figure 9¢) [11,12,41]. In the 450-700 cm ™! spectral region, could be noticed the presence
of a weak peak at 475 cm! assigned to v, [PO4?~ from HAp structure. The subbands
presented at: 1031 em~1:1033, 1046 cm™1; 1068 cm~1; 1095 cm~! and 1101 cm™! could be
assigned to vs [PO4P~ (Figure 9d) [11,12,41]. Furthermore, the shoulder from 962 cm s
typical vq [PO4]3~ from the HAp structure.
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Information regarding the presence of the vibrational bands specific to v, vy, v3 and
v4 [PO4]3~ vibration in the 50SmHAp structure were revealed in the Figure 10. In Figure 10
are presented the infrared absorbance spectra along with the second derivative spectra
obtained in the spectral regions characteristic to the vy, v, v3 and v4 [PO4]3~ vibration
(from the HAp structure) for the 50SmHAp coatings (a—c) and suspensions (d-f).

In the following, will be discussed the results obtained in the case of 50SmHAp
suspensions (Figure 10d—f). First of all, we noticed that the broadened symmetric v,
(~473 cm~1) and v, (~961 cm 1) bands of [PO4]°~ are no split. The presence of v [OH™]
band in the second derivative spectra at about 632 cm ! shows that the 50SmHAp structure
is well crystallized [34]. Furthermore, the vibrational band observed at 564, 603 cm ™! are
typical to v4 [PO4]*>~ bands from the hydroxyapatite structure (Figure 10e) [11,12,41]. At the
same time, in the specific spectral region of v3 [PO4]>~ bands the presence of 3 peaks can be
observed (~1032, ~1063 and at ~1100 cm™1) (Figure 10f) [11,12,41]. In the second derivative
spectra obtained for the 50SmHAp coatings could be noticed a slight displacement of
the vibration bands accompanied by their increase in intensity compared to the spectra
obtained on 50SmHAp suspensions.
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Figure 10. Infrared spectra and the obtained second derivative profiles in the 450-700 cm~! and 900-1200 cm ™! spectral
regions for 50SmHAp coatings (a—c) and suspensions (d—f).

The results of the FTIR studies conducted on 50SmHAp suspensions and coatings
by the absence of additional vibrational bands highlighted the samples purity. In our
previous work, conducted on SmHAp coatings (xsy, = 0.05) obtained by rf magnetron
sputtering technique, we have highlighted the presence of main vibrational band associated
to phosphate and hydroxyl group from the apatitic structure [12]. Moreover, in the case of
SmHAp coatings (xsm = 0.05) synthesized by sol-gel process using the dip coating method,
in the FTIR spectra was noticed that the vibration bands are more intense in the case of
coatings compared to suspensions [11]. Also, a slight displacement of the vibrational bands
was observed for the SmHAp coatings (xsym = 0.05) [11]. Therefore, we could suggest that
our results are in good agreement with the ones reported for the samples prepared by
similar method.

Recent studies have shown that Glow discharge optical emission spectroscopy (GDOES)
can be used successfully with enormous potential for the study in depth profile of very
thin films (conducting or non-conducting) that have a thickness of less than 10 nm [50]. In
this study the glow discharge optical emission spectroscopy (GDOES) has been used in
order to establish the distribution from surface to the substrate interface of the chemical
components presents in the 50SmHAp thin film. The elementary GDOES depth profiles of
the 50SmHAp thin film deposited on the silicon substrate were shown in Figure 11. It is
observed that the layer was composed of samarium, hydrogen, oxygen, phosphorus and
calcium. The observed silicium comes from the substrate of the sample. It is observed that
the interface zone between the Si substrate and 50SmHAp thin film was highlighted by the
brusque increase in the depth profile of Si. Moreover, in the area delimiting the interface
between the Si substrate and the 50SmHAp thin film, maxima were observed on the curves
representing Ca, P and Sm. At the same time, a decrease in the depth profile curves for O
and H was observed in this interface area.
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Figure 11. Depth profile of 505SmHAp coating on Si substrate obtained using spin coating method.

The behavior of the depth profile curves representing the constituent elements of the
obtained 50SmHAp thin film and that of Si (representing the substrate) was similar to that
of the depth profile curves for the 5SmHAp coatings realized by radio frequency magnetron
sputter which was presented in a previous study [27]. In the case of the 50SmHAp thin
film obtained by spin coating method, it was observed that the area representing the
interface between the Si substrate and the thin film shifted to lower time values compared
to the studied 5SmHAp coatings. This behavior is given by the thickness of the layer. The
50SmHAp thin film obtained by the spin coating method being thinner than the 5SmHAp
coating obtained by rf magnetron sputtering [50]. The increase of the Sm content in the
interlayer area could be due on the one hand to the substrate that presents non-uniformities
corroborated with the deposition process used as well as to the heat treatment to which the
coating layer was subjected in order to have a good crystallinity [51]. The defects of the
Si substrate were covered by the coating process, obtaining in the end a uniform surface.
According to previous studies, controlling the sintering atmosphere plays an important
role [52]. These results of our studies confirm the sensitivity and accuracy of the GDOES
method as well as the broad spectrum of application [52-54].

The antifungal properties of the 50SmHAp coatings on the adhesion and proliferation
of C. albicans cells were investigated using SEM and CLSM techniques.

The development and adhesion of the fungal cells on the surfaces of 50SmHAp
coatings were studied at different incubation time, (24, 48 and 72 h). The results of the SEM
visualization of the fungal cells adhered on the surfaces of the 50SmHAp coatings after
24, 48 and 72 h of incubation are presented in Figure 12a,c,e. The SEM images depicted
that the adhered fungal cells morphology is characteristic to C. albicans fungal strain, with
round-to-oval shapes and sizes ranging from 2.42 to 4.74 um. The results of the SEM studies
have revealed that the 50SmHAp coatings were effective in inhibiting the adherence and
fungal cells development after 24 h of incubation and did not allowed the development of
fungal biofilms. After 24 h of incubation only several conglomerates of fungal cells were
detected on the surface of the 50SmHAp coatings. Moreover, the studies also shown that the
50SmHAp coatings inhibited the development of C. albicans fungal biofilms. Furthermore,
the data suggested that the antifungal effects of the 50SmHAp coatings are correlated with
the incubation interval by clearly evidencing that the number of fungal cells present on the
50SmHAp coatings significantly decreased. The results concluded that the C. albicans fungal
cells numbers was considerably reduced after 48 and 72 h of incubation with the 50SmHAp
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coatings. In addition, the SEM analysis revealed that 50SmHAp coatings prevented the
formation of fungal biofilms on their surfaces. More than that, after 72 h of incubation the
number of fungal adhered cells was insignificant. Furthermore, the 3D representation of
the SEM images obtained using Image J software (Image J 1.51j8) [40] are also depicted in
Figure 12b,d f.

20 pm e

Figure 12. 2D SEM images and 3D representation of Candida albicans ATCC 10231 cell development
on 50SmHAp coatings after 24 h (a,b), 48h (c,d) and 72 h (e f) of incubation.

The results of the SEM visualization have determined that the 50SmHAp coatings
presented good antifungal activity which could be attributed to the presence of samarium
ions from the HAp lattice. In our previous studies regarding the activity of 5SmHAp coat-
ings reported by C.S. Ciobanu et al. in [11], the results have emphasized that simple HAp
coatings helped the development of the fungal cells and also promoted their proliferation
and boosted the formation of a fungal biofilm, therefore supporting the hypothesis of
samarium ions been responsible for the antimicrobial effects of the 50SmHAp coatings.

Furthermore, qualitative assays regarding the development and adhesion of C. albicans
fungal cells on the surface of 50SmHAp coatings were also undergo using CLSM studies.
The CLSM images of the fungal cells attachment on the 50SmHAp coatings surfaces after
24, 48 and 72 h of incubation are presented in Figure 13a—f.
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Figure 13. 2D CLSM images and 3D representation of the CLSM images of Candida albicans ATCC
10231 adhesion on 50SmHAp coatings deposited on Si after 24 h (a,b), 48 h (c,d) and 72 h (e,f)
of incubation.

The CLSM studies have emphasized that the 50SmHAp coatings were effective in
blocking the C. albicans cell development and proliferation and also in preventing the
biofilm formation for all tested time intervals. The results of the CLSM visualization
depicted in Figure 13a,c,e highlighted that the 50SmHAp effectively inhibited the fungal
cells development after 24 h of incubation. The CLSM visualization depicted in Figure 13
evidenced that the cells attached on the surface of the 50SmHAp coatings were scarce
distributed and do not present any major conglomerates. In addition, the CLSM im-
ages illustrate that the fungal cells attached to the 50SmHAp coatings were distinctive to
C. albicans, presenting an ovaloid cell morphology and sizes from 2.19 to 4.53 um. The
results depicted in Figure 13a,c,e, also emphasized that the antifungal properties of the
50SmHAp coatings were influenced by the time of incubation. Moreover, the CLSM visu-
alization confirmed the SEM results and evidenced that the 50SMHAp were effective in
inhibiting the C. albicans cell development on their surface and preventing biofilm forma-
tion. Also, the results have confirmed that after 72 h of incubation the number of fungal
cells still adhered on the surface of 50SmHAp coatings are considerably diminished, almost
to extinction. In addition, the 3D representation of the CLSM images are also presented
in Figure 13b,d,f. The 3D representation obtained using Image J software [40] show the
structure and spatial distribution of the C. albicans fungal cells on the surface of 50SmHAp
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coatings after different time incubation periods. The images depict the spatial distribution
of the ovaloid shaped fungal cells (red color) on the 50SmHAp coating’s surface. The 3D
representation of the CLSM images also suggested that the development of the fungal cells
have been considerably decreased and that their inhibition was influenced by the incuba-
tion time period. The results obtained by the qualitative antifungal assays concluded that
these coatings could be of great interest in the future development of antifungal coatings
for medical devices.

Furthermore, the quantitative antifungal assays of the 50SmHAp suspensions and
coatings were also performed using C. albicans ATCC 10231 fungal strain. The results
depicting the graphical representation of the effects of 50SmHAp suspensions and coatings
on the development of C. albicans ATCC 10231 colony-forming units (CFU) at three different
time intervals (24, 48 and 72 h) are presented in Figure 14.

Candida albicans ATCC 10231 24 h 48 h 72 h
g |
1
7
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-
=
U, >
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O 1
50SmHAp suspension 50SmHAp coatings C+

Samples

Figure 14. The effect of the 50SmHAp suspension and coatings on the Candida albicans cell development at different time

incubation periods.

The data suggested that the fungal CFU’s development was inhibited from the first
phase of adherence for both suspensions and coatings. The colony forming unit count
(CFUc) assay highlighted that there is a significant reduction in the number of colonies
after 24 h for both 50SmHAp suspensions and coatings compared to the number of colonies
formed in the case of the positive control culture (C+). More than that, the results showed
that the antifungal activity of both suspensions and coatings was correlated with the incu-
bation period. In addition, the quantitative assays also revealed that the antifungal activity
of 50SmHAp suspensions was higher than that of 50SmHAp coatings for all tested intervals.
Moreover, the data strongly suggested that after 72 h both the suspensions and the coatings
effectively inhibit the fungal cell development and significantly reduces the number of
CFU, almost near extinction. The results are in good agreement with the data obtained from
the qualitative assays and also with the existing studies reported in the literature regarding
the antimicrobial effects of samarium ions [10,11,14,55-59]. The antifungal activity of the
suspensions was also assessed in order to establish if the deposition method allows the
coatings to preserve the antifungal activity of the suspensions used for their obtaining. The
results of the quantitative assays emphasized that the 50SmHAp coatings retain almost in
totality the antifungal effects of the suspensions used for their depositions. These findings
are in agreement with previous reported studies [10,11] and strengthen the proposed aim
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of this study, that, of proving that an adapted co-precipitation method is adequate to obtain
stabile suspensions for the fabrication of samarium doped hydroxyapatite thin films with
antifungal properties by spin-coating technique.

The influence of the incubation time on the antifungal effect of both the suspensions
and coatings could also be attributed to the gradual release of samarium ions from the HAp
lattice. One of the proposed samarium ions antimicrobial mechanisms was due to the fact
that samarium ions have the ability to change the fungal cell membrane permeability by
attaching to it and affecting in the process the fungal cell’s adhesion, ion conductivity and
cell signaling [14]. More than that, both Barry et al. and Ferraris et al. [60,61] reported in
their studies that the nature of the substrate could influence the biological properties of the
samples. In addition, the studies showed that not only the composite and/or substrate are
responsible for the biological properties of the coatings but also the synergic connections
that appear between the substrate and the thin layer [60,61].

The data obtained from the in vitro antifungal assays are in agreement with pre-
vious reported studies and highlighted that both 50SmHAp suspensions and coatings
present strong antifungal properties, that are influenced by the incubation time. The re-
sults of the qualitative assays conducted by SEM and CLSM observation, evidenced that
the adhesion and development of C. albicans fungal cells was greatly inhibited by the
samarium doped composites suspensions and coatings. Moreover, the SEM and CLSM vi-
sualization also emphasized that the 505SmHAp coatings have prevented the fungal biofilm
formation. Therefore, the results suggested that the development of novel 50SmHAp sus-
pensions and coatings could be promising candidates for the obtaining of novel antifungal
medical devices.

4. Conclusions

The goal of this analysis was to establish that spin-coating route is suitable for the
preparation of (Cajg_xSmx(PO4)s(OH)z, xgm = 0.5, 50SmHAp) on Si substrate. The ampli-
tudes of signals of the three recorded echoes, relative to the corresponding echoes of the
reference fluid highlight the stability over time of the 50SmHAp suspension. The results
obtained by the 3 microscopic methods (SEM, AFM and metallographic microscopy) used
to study the topography/morphology of the 50SmHAp coating surfaces are in good agree-
ment, suggesting the obtaining of a uniform and continuous coating (with no evidence
of surface defects). The presence of the vibrational bands specific to vy, vy, v3 and v4
[PO4]3~ vibration in the 50SmHAPp structure were revealed by FTIR studies. The elemen-
tary GDOES depth profiles of the 50SmHAp thin film deposited on the silicon substrate
highlighted that the layers were composed of samarium, hydrogen, oxygen, phosphorus
and calcium.

The results of the quantitative antifungal assay revealed that both 505mHAp coatings
and suspensions were effective in inhibiting the development of C. albicans fungal cells.
Furthermore, the results of the qualitative assays by SEM and CLSM visualization of the
C. albicans fungal cell development and adherence on the coatings surface evidenced that
the coatings inhibited the cell development and also that they prevented biofilm formation.
In addition, the data also suggested that the antifungal properties of both the suspensions
and coatings were considerably influenced by the incubation time. The results obtained
from the antifungal assays suggested that 50SmHAp suspensions and coatings could be
considerate for future development of antifungal biomedical devices.
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