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Abstract: Post-implant infections are a major health problem, and it is well-known that treating
them with conventional drugs is accompanied by many disadvantages. The development of new
biomaterials with enhanced antimicrobial properties are of major interest for the scientific world.
The aim of this study was to synthesize and characterize hydroxyapatite doped with Samarium
(Cay9-xSmy(PO4)6(OH),, xsm = 0.05, 5Sm-HAp) suspensions, pellets and coatings. The 5Sm-HAp
coatings on Si substrates were obtained by rf magnetron sputtering technique. The different techniques
such as ultrasound measurements, scanning electron microscopy (SEM), Fourier transform infrared
spectroscopy (FTIR), Glow Discharge Optical Emission Spectroscopy (GDOES), X-ray photoelectron
spectroscopy (XPS) and atomic force microscopy (AFM) were used to examine the obtained coatings.
The results showed that the doped Sm ions entered the structure of hydroxyapatite successfully
and Sm ions was uniformly doped onto the surface of the support. The depth profile curves of Ca,
P, O, H, Ce and Si elements exhibit their presence from a surface to substrate interface as function
of sputtering time. XPS analysis indicated as calcium-phosphate structures enriched in Sm3* ions.
Furthermore, the antimicrobial properties of the 5Sm-HAp suspensions, targets and coatings were
assessed against Escherichia coli ATCC 25922, Staphylococcus aureus ATCC 25923 and Candida albicans
ATCC 10231. The results of the antimicrobial assays highlighted that that the samples presented
a strong antimicrobial activity against the tested microbial strains. The results showed that the
coatings after 48 h of incubation inhibited the growth of all tested microbial strains under the value
of 0.6 Log CFU/mL. This study shows that the 5Sm-HAp samples are good candidates for the
development of new antimicrobial agents.

Keywords: samarium doped hydroxyapatite; magnetron sputtering technique; antimicrobial activity

1. Introduction

Infections that can occur after implant surgery (dental implants or prostheses) are an important
health problem. To solve this problem, researchers are making important efforts to find new biomaterials,
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with improved physico-chemical and antimicrobial properties, that can be used in the biomedical
field [1-7]. It is well-known that bone tissue consists of a minor organic part (30%) consisting
mainly of collagen type I and a major inorganic part (~70%), consisting mainly in hydroxyapatite
(Cay9(PO4)6(OH),, HAp). For the most common form of hydroxyapatite, the stoichiometric one,
(which generally crystallizes in the hexagonal system) the value of Ca/P molar ratio is 1.67 [8].

Recent studies have shown that the crystalline lattice of hydroxyapatite has an affinity for
substitution of Ca?* ions with various cations/anions such as Zn?*, Ag®, Sm3", Mg?*, Eu’*, F-,
Cl7, etc. [8-14]. In practice, this substitutions are usually used to enhance the properties of
hydroxyapatite [10,15,16]. Among the particularities of the HAp structure we mention the nanometric
crystalline domain size, high surface reactivity, purity, solubility, etc. [9,10]. In addition to these
properties, the biological ones are added, such as: biocompatibility, biodegradability, osteoconductivity,
osteoinductivity, non-allergenic, etc. [1-16].

Over time, the deposition of hydroxyapatite by different methods including, sol-gel method,
plasma spraying, thermal evaporation or performing magnetron sputtering techniques [16-24].
As the biocompatible, antibacterial or mechanical properties of hydroxyapatite need to be improved,
these techniques are in continuous developing.

Radio frequency (rf) magnetron sputtering technique is a low deposition rate method, widely used
for the generation of HAp or Hap-based coatings on substrates with different shapes and types [16-19].
Usually, the layers are compact with no cracks, pure and with good adhesion to the substrate [16-19].
By using more than one sputtering targets simultaneously, in the same deposition process,
the incorporation of antimicrobial ions into the HAp structure have been performed [20,21]. Moreover,
studies reported in the literature have highlighted that obtaining new coatings of hydroxyapatite,
that are doped with various antimicrobial agents, with superior properties and potential applications
in the medical field [20,22,23].

The results of different studies, presented in literature, have demonstrated that in the group of
rare earths (lanthanides), there are elements with bear unique physical properties (magnetic, optical,
catalytic, etc.) that allow lanthanides to be used in biomedical field (e.g., therapy, imaging and
diagnosis, in drug/gene delivery systems, etc.) [23,24]. Samarium (Sm3*) is an abundant chemical
element with similar ionic radii to Ca?* and radioactive properties, and with affinity for bone tissue [24].
Also, due to the f-f orbital transitions, lanthanides elements possess unique luminescent properties,
which makes them suitable for application in bioimaging [25,26].

Due to their valuable properties, the complex materials that have in their composition
samarium have been proposed for the treatment of various neoplasms (lung, prostate, breast,
osteosarcoma, etc.) [24,27]. Also samarium complexes were used in pain therapy in cancers with
bone metastases [24]. Moreover, previous studies have reported that the presence of Sm>* ions
in the structure of hydroxyapatite led to improved antimicrobial activity of HAp against bacterial
strain [28], such as Escherichia coli, Staphylococcus aureus, Bacillus cereus, Staphylococcus epidermidis,
Salmonella typhi, etc. [27-30]. The last studies [11,27,29-33] revealed that the antimicrobial activity of
bioceramics, based on Sm-doped hydroxyapatite, depends on several factors, an important role being
played by the antimicrobial agent which in our case is Sm. Moreover, the best results are obtained in
samples with high concentrations of Sm3* [7,10-12,27,29-33]. In this research, the physico-chemical
and antibacterial properties of Sm-HAp layers generated by rf magnetron sputtering discharges are
analyzed and presented. The sputtering target was a Sm-Hap tablet with xg;, = 0.05 (5Sm-HAp).
Previously, we reported Sm doped hydroxyapatite layers, with antifungal properties, obtained by
thermal evaporation [7] or spin coating technique [21].

Studies showing that the 5Sm-HAp coatings obtained by magnetron sputtering technique retain
the antimicrobial properties of the 5Sm-HAp suspension are presented for the first time in this study.
Moreover, suspensions, target and coatings of 55m-HAp were examined by various techniques.
The stability of the suspensions was assessed by ultrasound measurements. Information on the surface
topography and sample composition was obtained by scanning electron microscopy (SEM). Elemental
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composition of the coating were evaluated by Glow Discharge Optical Emission Spectroscopy (GDOES)
and X-ray photoelectron spectroscopy (XPS). The vibrational modes are usually detected using Fourier
transform infrared (FTIR) spectroscopy. On the other hand, the study of the antibacterial properties of
suspensions, target and coatings based samarium doped hydroxyapatite against different microbial
strains such as Gram negative bacterial strain Escherichia coli ATCC 25922, Gram positive bacterial
strain Staphylococcus aureus ATCC 25923 and fungal strain Candida albicans ATCC 10,231 led to the
conclusion that these materials are promising by their proven antimicrobial properties.

2. Materials and Methods

2.1. Materials

Ammonium hydrogen phosphate, (NH4),HPO, (Sigma Aldrich, St. Louis, MO, USA, >99.0%),
calcium nitrate tetrahydrate, Ca(NOj3),-4H,O (Sigma Aldrich, St. Louis, MO, USA, >99.0%), samarium
nitrate hexahydrate, Sm(NO3)3-6H,O (Alpha Aesar, Germany, 99.97% purity), ammonium hydroxide,
NH4OH [Sigma Aldrich, St. Louis, MO, USA, 25% NHj in H,O (T)], ethanol absolute, and double
distilled water were used as precursors in the obtaining of Cajg_,Smy(POy4)s(OH);.

2.2. Samarium Doped Hydroxyapatite (Sm-HAp)

The synthesis process of samarium doped hydroxyapatite (5Sm-HAp) nanoparticles,
Caip_Smy(POy4)s(OH), with xgp, = 0.05, was performed using an adapted method [9]. The (Ca + Sm)/P
molar ratio was seted to 1.67 [30,34,35]. The pH value of the resulting solution by adding the
Ca(NO3),-4H,0 and Sm(NO3)3-6H20 dissolved in ethanol absolute into a solution of (NHy),-HPOy,
was kept constant at 11 by adding NH4OH. The resulting solution was stirred, centrifuged and
redispersed in deionized water. The stability and morphology of final resulting solution after stirred at
100 °C for 24 h were analyzed. In order to obtained the coatings by magnetron sputtering technique,
the target was prepared from the powders resulting from final resulting solution.

2.3. Thin Layer of 5Sm-HAp

By magnetron sputtering technique were generated 55m-HAp thin films on Si substrates. It was
used a 2 inches magnetron source (acquired from K.J. Lesker Company, East Sussex, UK) coupled to a
RF power supply at 50 W power. The 5Sm-HAp powder was pressed in air for few minutes and treated
at 500 °C in air in order to obtain the target. The depositions in rf magnetron sputtering discharge were
performed in Ar gas flow (6 mIn/min) and working pressure of 4 x 103 mbarr (base pressure ~1075
mbarr) in a 3 h single run. The distance between the magnetron source and grounded substrate
holder was of 8 cm. The experimental set-up of the deposition chamber was presented in a previous
study [22]. It was found that during the deposition process, the temperature at the substrate support
increases. During the deposition process, the temperature at the substrate support was measured using
a thermocouple. After one hour from the beginning of the deposition, the temperature at the substrate
support was equal to 125 °C. After three hours this temperature reached 135 °C. Finally, the 5Sm-HAp
coatings were treated for 4 h at 700 °C.

2.4. Characterization Methods

Using a HITACHI S2600N-type microscope equipped with an energy dispersive X-ray attachment
EDAX/2001 the morphology of the samples was evaluated and the elemental composition was
determined of the samples. The morphology of the targets used to obtain the coatings and of the
coatings was assessed by atomic force microscopy (AFM) studies using an NT-MDT NTEGRA Probe
Nano Laboratory instrument (NT-MDT, Moscow, Russia). The measurements were conducted with
the aid of a silicon NT-MDT NSGO1 cantilever (NT-MDT, Moscow, Russia) in non-contact mode.
The used silicon NT-MDT NSGO1 cantilever is coated with a 35 nm gold layer. The data was acquired
on a surface area of 15 x 15 um? and the analysis were performed with Gwyddion 2.55 software
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(Department of Nanometrology, Czech Metrology Institute, Brno, Czech Republic) [36]. All the studies
were effectuated in air at 22 °C.

The 5Sm-HAp thin films molecular structure was examined in the 4004000 cm™~! spectral range by
FTIR-ATR spectroscopy using a Perkin Elmer SP-100 spectrometer (Perkin Elmer, Waltham, MA, USA).
The processing of the obtained spectra was performed in accordance with the model presented in
previous studies [16]. Using a GD Profiler in certain operation conditions such as: 650 Pa, 35 W RF
power impulse mode at 1 kHz, and a duty cycle of 0.25 it was performed a depth profile analysis of
55m-HAp coatings.

The XPS surveys were achieved using SCIENCE SES 2002 system (Scienta Omicron, Taunusstein,
Germany) and a monochromatic source of the X-ray radiation Al K« (hv = 1486.6 eV). All analyzed
XPS spectra were calibrated according to the binding energies of C—C, C-H for carbon (C1s) that is
equal to 284.8 eV. The analysis of the resulting data was performed using the Casa XPS 2.3.14 software
(Shirley background type, Casa Software Ltd., Teignmouth, UK).

2.5. In Vitro Antimicrobial Activity

The antimicrobial properties of the samples were evaluated using the Escherichia coli ATCC 25922,
Staphylococcus aureus ATCC 25923 and Candida albicans ATCC 10,231 microbial strains. An adapted
diffusion method [37] was used in order to effectuate the qualitative assays. An adapted standard
method [38] was used to perform quantitative assays [15]. The antimicrobial quantitative assays
were evaluated by exposing the samples to 1.5 mL of 5 x 10 CFU/mL microbial suspension in
Phosphate-buffer Saline (PBS). Subsequently, the microbial suspension was collected at various time
intervals (12, 24 and 48 h) and incubated for 24 h on LB agar medium. A free microbial culture was
used as positive control (C+). The number of colony forming units per milliliter (CFU/mL) was finally
determined. All experiments were given in triplicate. The results were exhibited as mean + SD.

2.6. Statistical Analysis

All experiments were performed three times. Statistical analysis was performed using the ¢-test.
A significant difference between samples was considered at p < 0.05. The t-test statistical analyses were
performed using Office Excel 2013 software.

3. Results and Discussions

Figure 1 shows both the SEM image of the 55m-HAp particles in suspension, the surface of the
target (which was obtained by pressing the obtained powder and the concentrated suspension) and the
surface of the coating (obtained from the target by magnetron sputtering technique).

Figure 1. SEM micrographs of 5Sm-HAp as suspension (a) target (b) and coatings (c).

Conclusive evidence on the shape and uniformity of 55m-HAp particles was obtained following
analysis of a drop of the suspension acquired from the synthesis process. The drop from the concentrated
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suspension was deposited on a carbon band and dried under vacuum before being investigated.
From SEM observation of 55m-HAp suspension (Figure 1a), the particles at nanometric scale with
slightly ellipsoidal shape were identified. The SEM images (Figure 1b) of 55m-HAp target presented
the uniform surface with nanoparticles that preserve the shape of the nanoparticles in suspension.
Scanning electron micrographs exhibited in Figure 1c revealed that the 5Sm-HAp coating maintained
the morphology of target as expected following the use of this coating technique.

The three-dimensional (3D) representation of the SEM surface topographies of 55Sm-HAp
suspension, target and coatings presented in Figure 2a—c suggested that the suspension consists
of nanometric particles presenting an ellipsoidal shape morphology (Figure 2a). It meant that the
surface of the target is also homogenous with no visible imperfections and that the layers have the
aspect of a uniform coating presenting no fissures, cracks or other visible imperfections.

Figure 2. 3D representation of SEM micrographs of 5Sm-HAp as suspension (a) target (b) and coatings (c).

Energy dispersive X-ray spectroscopy (EDX) elemental mapping proved that the Sm, Ca, P and
O on the surface of 5Sm-HAp coatings was distributed uniformly (Figure 3). The EDX elemental
mapping analysis also highlighted that the Sm was uniformly doped onto the surface of the coatings.
The complete picture of element maps for 5Sm-HAp coatings give clear information on the main
constituent elements (O, Ca, P and Sm) of the 5Sm-HAp coating (Figure 3a-d). Furthermore, the EDX
elemental mapping confirms the homogeneous distribution of the constituent elements at surface of
55m-HAp coatings.

Figure 3. 2D elemental maps images of 55Sm-HAp coatings. (a) Ca; (b) P; (c) O; (d) Sm.

The 5Sm-HAp target and coatings were studied using AFM analysis. The two-dimensional (2D)
and 3D AFM surface topography of the 5Sm-HAp target and layers are depicted Figure 4a,b. Moreover,
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using the Gwydion software [36], a 3D representation of the 2D surface topography of both 55m-HAp
target and coatings were realized and shown in Figure 4c,d. The 2D images of the surface morphology
of 55Sm-HAp coatings, as well as the 3D representation highlighted that the 5Sm-HAp coatings have
presented a surface morphology of a uniform coatings, without cracks, fissures or other defects.
Besides, the 2D and 3D images of the surface morphology, obtained by AFM analysis of the target used
for the coatings deposition, highlighted that the target had a uniform surface morphology without
discontinuities. The AFM topography of registered on a surface of 15 x 15 um? of 5Sm-HAp coatings
(Figure 4b) emphasized that the surveyed area of the coating’s surface did not present any irregularities
or fissures thus suggesting the obtaining of a uniform and homogenous surface of nanometric size.

3909 nm 4119 nm
4050
Al 4000
3950
3800 —
3750 3850
3800
3700 3750
3700
3650 3650
3606 3568
4.1 um 42 um
41
4.0
4.0
3.9
4.12 pm 38 4.16 ymjil-3.9
< 3.8
3.44 ym 36 3.53 uym 37
-3.6
34 35

Figure 4. Topographical images of 5Sm-HAp target (a) and coatings (b) obtained by AFM and 3D
representation of the topographical images of 5Sm-HAp target (c) and coatings (d).

The study of hydroxyapatite compounds by FTIR spectroscopy involve mainly investigations
in the spectral range between 450-1200 cm™!, due to P-O bond vibrations in the [PO4]*~ groups.
The corresponding vibrational modes are usually detected at: 470 cm™! (v;), 500-630 cm™! (vy),
960 cm™! (v1), 10001100 cm™! (v3) [39,40]. The [CO3]?~ and OH~ groups also encountered into the
HAp structure manifest IR vibrational bands at 1400 and 1630 cm™!. The exact position of these IR
bands that depend sometimes on the material type (bulk, powder or film), chemical and physical
properties or doping concentration of the hydroxyapatite [4,14,18,37,41,42], can be revealed by curve
fitting analysis. Such a theoretical assay is significant for uncover of the molecular structure of the
investigated material.

The absorption IR spectrum of 5Sm-HAp sputtering target (Figure 5a) and 5Sm-HAp films
obtained on Si substrates in magnetron sputtering discharge and the theoretical de-convoluted curves
were shown (Figure 5b). The IR bands from 470 cm~! (O-P-O bonding mode) and 1023, 1090 cm™!
(P-O asymmetric stretching) observed into the absorption spectrum of 5Sm-HAp target (Figure 5a)
are shifted to 474 respectively 1035 and 1101 cm™! (Figure 5b) in the spectrum of 5Sm-HAp film.
The molecular absorption band specific to P-O symmetric stretching vibrations from 960 cm™! appear
in both IR spectra of the 5Sm-HAp target precursor and film (Figure 5a,b). These IR bands was
assigned to the vibrations in [PO4]*>~ groups of the apatitic structure [42,43]. By multipeak fitting
analysis of the 55m-HAp film spectrum it was found out other IR vibrational bands of P-O bonds
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at 564 and 603 cm™! specific to the apatitic structure and which belong to P-O internal vibrations.
Figure 5b clearly illustrates the v4 mode (T2 symmetry) which is associated to the triple degenerate
asymmetric O-P-O bending. The O-P-O bending vibrations manifest an absorption band at 560 cm ™"
in the spectrum of 5Sm-HAp target (Figure 5a). The 1067 and 1101 cm~! deconvoluted IR bands are
characteristic to symmetric and asymmetric stretching vibrations of P-O in [PO4]?~. The P-O bond
vibrations in non-apatitic phosphate structure [42] are identified by IR absorption bands from 1008 and
1118 cm™!. The IR band from 735 cm™! is attributed to P,O*~ group. Its presence in the IR spectra of
HAp based layers was previously explained by the conversion of HPO4>~ group in the plasma during
the deposition process [42]. The IR from ~490 cm™~! could indicate the formation of Sm,O3 or SmPOy
into the coating. In [44,45] were identified IR bands at 463 cm™! (attributed to SmyO; formation) and
488 cm™! (attributed to P(Sm)-O vibrations in SmPOy).
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Figure 5. FTIR spectra of the 5Sm-HAp target material (a) and coatings (b).
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Characterization of the 5Sm-HAp coatings in terms of distribution of chemical elements contained
in the layer bulk was accomplished by GDOES. The depth profile curves of Ca, P, O, H, Ce and
Si elements exhibit their presence from surface to substrate interface as function of sputtering time
(Figure 6). The sample analysis area is usually of 4 mm in diameter. The interface zone between the
55m-HAp layer and the substrate is marked by the sharp increase of the Si depth profile. Until that
point, the Ca, P, O and Ce depth profiles have similar comportment (see Figure 6). Some humps of Ca,
P and Ce curves are observed at 5Sm-HAp/Si substrate interface simultaneous with the decreasing of
C, O and H depth profile curves. It could indicate the diffusion/implantation of these elements into the
Si substrate suggesting the formation of some interlinks between them.
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Figure 6. Depth profile of 5Sm-HAp coating on Si substrate achieved by radio frequency
magnetron sputter.

XPS analysis was effectuate, to evaluate the elemental composition and chemical states of pure
55m-HAp coatings before and after etching (Figure 7).
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Figure 7. XPS survey spectra of 55Sm-HAp coating acquired before (a) and after (b) etching.
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The XPS spectra of 5Sm-HAp coating before etching for P1s, P2p, Ca 2p, Sm 3d, Ols, were exhibited
in Figure 7. As shown in Figure 8a the binding energies (BE) of P located at 134 eV and 190.7 eV were
assigned to P 2p and P 2s. From Figure 8b the Ca XPS spectra of 5Sm-HAp coatings shows of two peaks
at 147.3 eV and 350.7 eV that correspond to Ca 2p. In Figure 8c the Ce 3d consists of three symmetrical
peaks located at BE of 1071.1 eV, 1083.1 eV and 1109.8 eV. The O1s XPS spectra of 55m-HAp coatings
are showed in Figure 8d presents a peak was located at 530.8 eV.
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Figure 8. XPS spectra of 5Sm-HAp coatings before etching for P1s & P2p (a), Ca 2p (b), Sm 3d (c), Ols (d).

In Figure 8 the XPS spectra for P1s, P2p, Ca 2p, Sm 3d, Ols of 5Sm-HAp coatings after etching was
showed. The BEs (binding energies) at 134.4 eV and 191.4 eV were assigned to P2p and P2s as can see in
P XPS spectra of 5Sm-HAp coatings after etching (Figure 9a). The Ca XPS spectra of 5Sm-HAp coatings
after etching correspond to Ca 2p and appears of two peaks at 147.3 eV and 350.7 eV (Figure 9b).
The Sm 3d XPS spectra of 55m-HAp coatings after etching consists of two peaks at EB of 1083.9 eV and
1110.9 eV (Figure 9c). The BE of 532.0 corresponding O1s from O XPS spectra of 5Sm-HAp coatings
after etching (Figure 9d).

The Ca 2p peaks related to Ca 2p3z, (347.2-347.3 eV) and Ca 2p1p, (350.7-351.3 eV) combined
with the phosphorus and oxygen ones, i.e., P 2s (190.7-191.7 eV) and P 2p (133.1-134.7 eV) and Ols
(530.8-532.1 eV), respectively, indicate the presence of Ca?* ions, which most likely are in the
Cay9(PO4)6(OH);, and/or Ca3(POy),, and/or Ca(HyPO4), compounds (https://srdata.nist.gov/xps)
as presented in previous studies (Table 1). In the Sm 3d spectrum, two distinct peaks are observed
around Sm 3d5,, (1082.9-1083.2 eV) and Sm 3d3/, (1109.8-1110.1 eV) what can be interpreted as Sm3*,
what may be indicated as calcium-phosphate structures enriched with Sm3* ions. The peak recorded on
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non-etched surface for binding energy equal to 1071.1 eV, most likely is dedicated to natrium compounds
(NaH;PO,, NayHPOy), which should be treated as contamination (https://srdata.nist.gov/xps).
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Figure 9. XPS spectra of 5Sm-HAp coatings after etching for P1s & P2p (a), Ca 2p (b), Sm 3d (c), Ols (d).

Table 1. Existing bioceramic compounds Ca-P [45-50].

Chemical Formula Ca/P

Ca(H2P04)2~H20 0.5
Ca(HzPO4)2 0.5
Ca(H2PO4)2 0.5

CaHPO4-2H,O 1.0
CagHz(PO4)6~5H20 1.3
oc—Ca3(PO4)2, B-Cag(PO4)2 1.5
Cag(PO4)6 1.5
Ca10—(HPO4)x(PO4)s.x(OH)2 4 1.5-1.67
O0<x<1)

Calo(PO4)6(OH)2 1.67
CalO(PO4)6F2 1.67
Calo(PO4)6O 1.67

Ca4O(PO4)2 2.0
CayHy (POy). nH,0, 1022

n = 3-4.5; 15-20% H,0

Quantitative analysis (Table 2) clearly indicates that the obtained calcium-phosphate structures are
enriched with samarium (Sm3*), which in atomic percentage content, varies in the top layer from 0.2 up
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to 0.4 at%, while in the deeper layers from 0.7 to 1.1 at%. The data presented in Table 2 were obtained
after performing 82 measurements for the samarium, calcium and phosphorus spectra, what was
taken in to statistical analysis by the XPS equipment. The information in Table 1 indicates that the
ratio (Ca + Sm)/P is within 1.2-1.33, and the possibility of existence of the above descripted calcium
phosphate-like structures, enriched in samarium. Considering that the Ca/P ratio provides information
on the bioceramic compound, the XPS results show that the obtained layers do not keep the structure
of pure hydroxyapatites, Ca;9(PO4)s(OH);, (Ca/P = 1.67). In our study, the XPS results showed that the
bioceramic layer obtained has a deficient structure in Ca (Ca/P = 1.33) of the type CagH,(PO4)s-5H,0
known as hydroxyapatite is the most stable calcium phosphate [51,52]. Since HAp is the most stable
form of calcium phosphate, found in human bones, we can say that the bioceramic coating obtained is
a Ca-deficient hydroxyapatite that retains its biological properties.

Table 2. Quantitative analysis of XPS data.

5 Sm-HAp
Elements
Before Ar+ Etching  After Ar+ Etching
P 18.3 18.1
Ca 21.8 23.1
Sm 0.2 0.7
@) 59.7 58.1

In recent years, due to the emergence of multidrug resistant microorganisms, significant concern
worldwide has been drawn towards the development of novel and efficient antimicrobial agents.
Studies conducted, to date, have deemed great candidates for use as antimicrobial agents of various
types of composites materials, having ions in their composition, which exhibit antimicrobial activity.
Nonetheless, studies are still scarce an there is still need to investigate further, in order to accomplish
the development of a successful antimicrobial agent that could be used without posing any treat to
living organisms or surrounding environments. The present research focuses on the preparation of
novel samarium doped based hydroxyapatite coatings for biomedical applications. For this purpose,
the antimicrobial properties of the 5Sm-HAp suspensions, targets and coatings were evaluated by
being tested against reference microbial strains Escherichia coli ATCC 25922, Staphylococcus aureus ATCC
25923 and Candida albicans ATCC 10231. The qualitative antimicrobial assays studies of the 5Sm-HAp
suspensions, targets and coatings are presented in Figures 10-12. The results of the antimicrobial
studies revealed that all the samples presented good inhibitory activity on the tested strains.

Figure 10. Antimicrobial activity of 55m-HAp suspensions against Escherichia coli ATCC 25922;
(a) Staphylococcus aureus ATCC 25923; and (b) Candida albicans ATCC 10231 (c).
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Figure 11. Antimicrobial activity of 55m-HAp target against Escherichia coli ATCC 25922;
(a) Staphylococcus aureus ATCC 25923; and (b) Candida albicans ATCC 10231 (c).

Figure 12. Antimicrobial activity of 55Sm-HAp coatings against Escherichia coli ATCC 25922;
(a) Staphylococcus aureus ATCC 25923; and (b) Candida albicans ATCC 10231 (c).

The data of the qualitative assays revealed that, after 48 h of incubation the 55m-HAp suspensions,
targets and coatings presented significant inhibition zone for all microbial strains that were tested.
Furthermore, the data suggested that the diameters of the inhibition zones had better sizes in the case
the Gram negative Escherichia coli ATCC 25922 and Gram positive Staphylococcus aureus ATCC 25923
bacterial strains than in the fungal strain Candida albicans ATCC 10231. The diameter s obtained for
the inhibition zones were clearly bigger in the case of Escherichia coli ATCC 25922 and Staphylococcus
aureus ATCC 25923 bacterial strains, compared to ones obtained for the Candida albicans ATCC 10231
(Figure 10a—c, Figures 11a—c and 12a—c).

The data of the qualitative assays showed that the diameter of the inhibition zones obtained in
the case of 55Sm-HApsuspensions were around 21 + 2 mm in the case of Escherichia coli ATCC 25922,
25 £1.7 mm in the case of Staphylococcus aureus ATCC 25923 strains and 20.5 + 1.5 mm for Candida
albicans ATCC 10231.

A similar behavior was observed in the case of pressed pellet where, the obtained inhibition
diameter of 21.2 + 1.5 mm for Escherichia coli ATCC 25922, 17 + 2.2 for Staphylococcus aureus ATCC
25923 and 12.4 + 1.8 for Candida albicans ATCC 10231. Furthermore, the results of the qualitative
antimicrobial assays demonstrated that the inhibition zone diameter were 14.25 + 1.4, 13.71 + 1.8
and 11.48 + 1 for Escherichia coli ATCC 25922, Staphylococcus aureus ATCC 25923 and Candida albicans
ATCC 10231.

The antimicrobial activity of the 5Sm-HAp suspension, target and coatings against Escherichia coli
ATCC 25922 Staphylococcus aureus ATCC 25923 and Candida albicans ATCC 10231 were also evaluated
using a quantitative antimicrobial assay. The antimicrobial properties of the samples were examined at
different time intervals, in order to determinate their effectiveness in time. The studies were conducted
for 12 h, 24 h and 48 h and the antimicrobial properties of the samples were quantified by assessing the
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inhibitory effects exhibited by the suspension, targets and coatings on the colony forming unit (CFU)
values of the microbial strains compared to a free microbial strain used as control (C+). The results
from three independent experiments are presented in Figure 13a—c as mean =+ SD.
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Figure 13. Antimicrobial activity of 5Sm-HAp suspension, target and coatings against Escherichia
coli ATCC 25922; (a) Staphylococcus aureus ATCC 25923; (b) and Candida albicans ATCC 10231 (c) free
microbial strain used as control (C+).

The results of the antimicrobial quantitative assays showed that the colony forming unity (CFU)
proliferation was inhibited in the early phase of adherence (12 h) for all the tested samples regardless
of their state (suspensions, target or coatings). Moreover, the data indicated that the 5Sm-HAp
samples exhibited a noticeable antimicrobial activity and inhibited greatly the three microbial strains.
These results led to the conclusion that the 5Sm-HAp tested samples have an inhibitory effect on the
CFU development of Gram positive, Gram negative, as well as fungal strain making them perfect
candidates for future research in the elaboration of novel antimicrobial agents. The colony forming
unit count (CFUc) assay showed an important decrease in the number of colonies in the case of
55m-HAp suspension, target and coatings, compared to the number of colonies formed in the case of
the free microbial culture (C+) used as control for all tested microorganisms. Furthermore, the results
indicated that the inhibitory effect was dependent on the incubation time and the tested microbial
strains. Therefore, the best inhibitory effected on the CFU development was obtained in the case
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of E. coli bacterial strains followed by S. aureus and C. albicans. The results indicated that after 48 h
the decrease of the Log CFU/mL had values smaller or close to 0.5 for all the samples and all the
microbial strains.

These results are in good agreement with other similar studies regarding the potential antimicrobial
activity of samarium ions or samarium based composites [27,29,53-58]. Moreover, the quantitative
assays were in good agreement with the results obtained in the qualitative studies performed on
55m-HAp suspension, target and coatings. Moreover, the data suggested that the best antimicrobial
activity was exhibited by the suspensions compared to the target and coatings. These could be due
to the different interaction of the samples with the microbial cultures and also with the mechanisms
responsible for the antimicrobial activity of the samples. Numerous studies have emphasized that both
the physico-chemical properties of the samples such as state of aggregation, morphology, porosity,
chemical structure, etc. have a great impact on the antimicrobial properties of materials [59-61].

Usually the antimicrobial active of nanoparticles have been attributed to their capacity to inhibit
the wall/membrane of the microbial cells or to cause disruption of energy transduction, and also to
their role in reducing the DNA production. In addition, the antimicrobial activity is usually associated
with the ability of the materials to produce toxic reactive oxygen species (ROS). In our case the
antimicrobial activity of the samples are attributed to the samarium ions presence in the HAp lattice.
The results are confirmed due to the fact that in our previous reported on HAp solution, powders
and coatings, no antimicrobial properties were visible for HAp samples [7,29,30]. The mechanism
responsible for the antimicrobial properties of the 5Sm-HAp samples could be due to the action of
the Sm>* ions on the microbial cells wall/membrane (the cell integrity could be destroyed by direct
contact between 5Sm-HAp nanoparticles and the microbial cell walls), ROS formation and also the
release of antimicrobial ions, mainly Sm**, which could be responsible for DNA damage). Nonetheless,
the existing studies regarding antimicrobial possible mechanisms are still scarce and there are reports
with different results for various types of materials and coatings with various physico-chemical
properties attributed to their morphology parameters. More than that, studies have also reported
that there is a strong correlation on the antimicrobial properties and the synergy of the materials,
coatings and substrate but this matter is still being disputed amongst researchers [62]. The results
of our antimicrobial assays regarding the inhibitory effects of 5Sm-HAp suspensions, targets and
coatings on Gram positive, Gram negative and fungal microbial strains have emphasized that all the
tested samples presented good antimicrobial activity. Even though the antimicrobial activity of the
55m-HAp samples was attributed to the samamrium ions presence in the HAp lattice, their intensity
could be attributed to their other physico-chemical properties. Further, the results showed that the
strongest antimicrobial activity was obtained for the suspensions compared to the targets and coatings
on all the tested microbial strains. These results suggest that the 5Sm-HAp investigated samples are
good candidates for creating antimicrobial agents with applications in the biomedical field both as
suspensions, pressed pellets and coatings.

4. Conclusions

In order to conduct this research we used an adapted co-precipitation process to obtain 5Sm-HAp
stable suspension. The target prepared from powder obtained from stable suspension were used to
generate the 55Sm-HAp coatings on Si substrate via magnetron sputtering technique. The studies
revealed that some Ca ions were substituted by Sm ions in hydroxyapatite crystal lattice successfully.
The ultrasound measurements effectuated on the suspensions obtained following the synthesis method
demonstrated the stability of 5Sm-HAp suspensions. The powders retains the ellipsoidal shape and
nanometric size 5Sm-HAp nanoparticles in aqueous suspension. The 5Sm-HAp coatings exhibited a
uniform surface. The XPS analysis of the coatings have shown that calcium-phosphate structures was
enriched in Sm®* ions. In agreement with SEM analysis the Sm ions was uniformly doped onto the
surface of the coatings. Moreover the AFM examination of the surface morphology of the samples
revealed that both the targets used to obtain the coatings and the coatings presented a homogenous
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surface morphology. Furthermore, the antimicrobial assays emphasized that all the tested samples
presented strong antimicrobial activity against Escherichia coli ATCC 25922, Staphylococcus aureus ATCC
25923 and Candida albicans ATCC 10231 microbial strains. More than that, the quantitative antimicrobial
assays suggested that the best antimicrobial activity was observed for the 5Sm-HAp suspensions
compared to the targets and coatings. Also, the data showed that all the samples exhibited strong
inhibitory effect on the microbial CFU development starting with the first 12 h of incubation and that,
the CFU development inhibition increased over time. The results of this study have shown that that
the materials developed in this research could be used in medical applications, such as orthopedics
and dentistry.
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