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Abstract: 

A novel bioactive bone substitute with improved osteoblastic performance and effective 

antibacterial activity was developed, using a completely new approach based on a samarium 

(Sm3+) doped P2O5 glass-reinforced hydroxyapatite composites (GR-HA). The composites 

were prepared by adding 2.5% (w/w) of the P2O5 glass to 97.5% (w/w) of HA. Four 

composites were developed, i.e. one non-doped composite, and three Sm3+ doped composites 

prepared with the P2O5 glass containing 0.5, 1 and 2 (mol %) of Sm2O3. The composites were 

labeled as GR-HA_control, GR-HA_0.5Sm, GR-HA_1Sm and GR-HA_2Sm. The 

composites were physicochemical and mechanically characterized, namely performing SEM, 

EDS and XRD analysis and flexural bending strength (FBS) assessment. The incorporation of 

Sm3+ in GR-HA matrix resulted in the presence of a residual Sm3+ containing phase besides 

HA, β-TCP and α-TCP phases, increased surface hydrophilicity and slightly higher FBS. 

Sm3+ doped composites exhibited improved osteoblastic cell response, as evidenced by a 

better F-actin cytoskeleton organization and higher cell proliferation and expression of 

relevant osteoblastic genes. In addition, adhesion of Staphylococcus aureus and 

Staphylococcus epidermidis was greatly reduced on these composites. The improved 

osteoblastic behavior and the antibacterial effects were dependent on the amount of 

Samarium in the composite, being particularly evident in the composite with higher Sm3+ 

content. Therefore, the developed composite GR-HA_2Sm appears as a successful bone 

substitute with osteoconductive and antibacterial properties. 

 

 

Key words: Samarium; Hydroxyapatite; Bioactive glass; Osteoblastic behavior, Bacterial 

adhesion. 
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1. Introduction 

 

Lanthanide ions (Ln3+) have similar ionic radii to Ca2+, but because of the higher charge, they 

have a greater attraction for Ca2+ sites on biological molecules.1-5 The high affinity of Ln3+ 

for bone has been known for decades, due to their ability to replace Ca ions in 

hydroxyapatite.6 The presence of Ln3+ in HA crystal structure appears to affect the bone 

metabolism inducing changes in the bone composition, crystal size and lattice structure, as 

documented in experimental7 and clinical8 data. In vitro studies also reported evident effects 

on bone cells9-17. As a consequence, inclusion of these elements on the composition of 

calcium phosphate biomaterials for bone tissue regeneration has also been considered, and 

reported to induce promising changes in the physicochemical and biological profiles. 

Incorporated Ln3+ in HA matrix include (La3+)19-21, (Y3+) and (In3+)19, (Sm3+) and (Gd3+) 22 

and, also, in nanostructured HA, namely (Ce3+)23 and (Ce3+) and (Sm3+).24  HA and TCP 

lanthanum phosphate composites have also been reported.25 

An important feature of lanthanides is their apparent antimicrobial properties. Several 

cerium salts display activity against a wide range of bacteria.3,26 Thus, the incorporation of 

Ln3+ into a bone graft may represent a great advantage, as infection still remains a major 

complication in bone surgery.27 Regarding this, antibacterial properties were reported for 

Ce3+ containing biomaterials, e.g. HA,23 bioactive glass28 and alginate-based hydrogels.29 

Although naturally biocompatible, HA presents poorer mechanical properties than 

natural bone, which represents a concern at load bearing sites. To improve this, HA may be 

reinforced with the incorporation of a small percentage of a CaO-P2O5 based glass (GR-HA). 

The bioactive glass is a source of certain ions (e.g. F-, Mg2+, Na+, Zn2+, Mg2+, SiO4
4-, Sr2+) 

and its presence in the HA matrix modulates the physicochemical and the biological 

properties of HA.30-33 The CaO-P2O5 GR-HA composites present proven improved 

mechanical properties and enhanced bioactivity, as shown by in vitro and in vivo studies, 

compared to commonly used calcium phosphate materials.34-38 A great advantage of these 

glasses is the possibility of incorporating key ions into their structure, endowing the resulting 

GR-HA with specific biological features. Taking this into account, the present work reports 

the preparation and characterization of novel Sm3+ doped GR-HA composites. Samarium was 

selected for several reasons. Clinically, Sm3+ is used already to target the bone tissue 

exhibiting an adequate safety profile39 and, also, it appears not to affect the behavior of 

osteoblastic cells.40 The influence of the presence of Sm3+ in a GR-HA was not previously 

addressed, neither the potential antibacterial properties of Sm3+ containing materials. As such, 
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Samarium oxide doped GR-HA composites were prepared with three lanthanide 

concentrations, and were characterized for the physicochemical profile and also for its 

osteoblastic cell response and antibacterial properties. 

 

2. Experimental  

2.1. Preparation of Samarium glasses and GR-HA composites  

For the preparation of the samarium-containing glass reinforced hydroxyapatite composites, 

glasses with distinct samarium concentrations were fabricated and mixed with 

hydroxyapatite. Briefly, a series of four glass species, with different chemical compositions 

(mol%): (i) 15CaO-10Na2O-10CaF2-65P2O5-0Sm2O3, (ii) 15CaO-10Na2O-10CaF2-64.5P2O5-

0.5Sm2O3, (iii) 15CaO-10Na2O-10CaF2-64P2O5-1Sm2O3 and (iv) 15CaO-10Na2O-10CaF2-

63P2O5-2Sm2O3, labeled respectively as control, 0.5% Sm, 1% Sm and 2% Sm, were 

prepared. Glasses were processed by the mixture of CaHPO4, P2O5, Na2CO3, CaF2 and 

Sm2O3, that was following melted in disposable platinum crucibles, in an electric furnace at a 

temperature of 1000 oC, for 1 hour. Subsequently, glasses were milled in dry conditions (AS 

200 digit, Retsch, Germany), and sieved to a granule size ≤ 75 µm.  

 

Glass particles were used for the preparation of glass-reinforced hydroxyapatite composites 

(GR-HA) at a proportion of 2.5% (w/w) of glass and 97.5% (w/w) of hydroxyapatite (HA). 

Pure phase HA, according to the standard ISO/DIS 13779-3, was used. The prepared 

composites were labeled as GR-HA_control, GR-HA_0.5Sm, GR-HA_1Sm and GR-

HA_2Sm, according to the composition of the added glass. In order to ensure a homogenous 

mixing, HA and glass powders were mixed for 3 h, in dry conditions, in a mixer (Turbula-

T2F, WAB, Germany). The attained mixed powders were used to prepare disks by uniaxial 

pressing at 80 MPa. These were following sintered in a furnace (Termolab, Portugal), at 

1300°C for 1 h, using a 2 oC/min heating rate, followed by natural cooling inside the furnace.  

 

2.2. Physicochemical and mechanical characterization of GR-HA composites 

Scanning electron microscopy (SEM) analysis was performed, using a FEI Quanta 400 FEG 

ESEM microscope, to analyze the microstructure and morphology of the composite materials. 

Samples were coated with gold/palladium particles, using a SPI Sputter Coater, prior to the 

analysis.  The SEM images were acquired using either the secondary or the back-scattered 
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electrons mode. The elemental composition was evaluated by energy dispersive X-ray 

spectroscopy (EDS).  

 

X-Ray diffraction (XRD) analysis were conducted on composite powdered samples, using a 

Siemens D 5000 diffractometer, with Cu-Kα radiation (λ=1.5418 Å). The scans were made in 

the range of 25-40o (2θ), using a step size of 0.02o and a count time of 2 sec/step. 

 

Surface roughness was characterized by the arithmetic mean roughness (Ra) measurement of 

the composite samples, with an Etamic GMBH profilometer with diamond tip feeler. Data 

was recorded by a Hommel tester T8000 software - for a 4.8 mm scanning, a 0.8 mm cut-off 

distance and a constant scanning speed of 0.5mm/s were used. 5 samples of each composition 

were evaluated.  

 

Contact angle analysis (θ) was performed in accordance with the sessile drop method, at 

room temperature and humidity, using an Axsymmetric Drop Shape Analysis–Profile 

(ADSA-P) software. Prior to the analysis, composite disks were polished with water 

sandpaper in the following order: P320, P500, P2500, washed with distillated water and dried 

overnight at 100 oC. Drops (4µl) of ultra-pure water were dispersed on the surface of each 

material through a micro syringe and the deposition, to estimate the contact angle (θ), was 

recorded in video.   Five samples of each composition were evaluated and no more than 20 

drops on each one. 

 

In order to assess the apparent density (ρapparent) of the composite materials, the diameter, 

thickness and weight of 5 disks of each composite were measured. The densities of these 

materials have been measured using ethyl glycol as an immersion liquid by Archimedes' 

principle on a Mettler Toledo balance. 

 

Mechanical properties of the composites were evaluated by the Flexural bending strength 

(FBS) test, which was performed by the concentric ring-on-ring method using the Lloyd 

Lr30K equipment and data obtained from the Windap V1.6 software. The used concentric jig 

presented the following dimensions: 20 mm for the supporting radius and 10 mm for the 

loading radius. The test was done at a cross speed of 5 mm/min and the rupture modulus 

determined by Soltesz proposed equation 1, in which σ is the rupture modulus, F is the load, 
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ѵ is the Poisson’s ratio (0.28), t is the thickness of the disk, r2 is the radius of the supporting 

ring, r1 is the radius of the loading ring and r is the sample’s radius.41 

)           (1) 

Following, the Weibull statistics were applied to strength data in order to determine failure 

probability versus load levels. The Weibull modulus (m) of the composites was estimated by 

plotting the equation 2, in which P is the probability of failure estimated by the equation 3. In 

the later, j is the rank value ordered from the smallest to the largest and n is the number of 

samples submitted to the test (n=12).  

                                  

         (2) 

 

          (3) 

 

2.3. Osteoblastic cell response 

Human osteoblastic-like cells (MG63 cells, ATCC number CRL-1427™) were cultured in α-

Minimal Essential Medium (α-MEM), supplemented with 10% fetal bovine serum, Penicillin 

(10 units/mL)/Streptomycin (10 µg/mL) and 2.5 µg.ml-1 fungizone, at 37ºC, in a humidified 

atmosphere of 5% CO2 in air. For sub-culturing, the cell layer (at around 70-80% confluence) 

was detached with trypsin – EDTA solution (0.05% trypsin, 0.25% EDTA; 5 minutes, 37ºC), 

and the cell suspension was used in the cell response studies. Material samples were cultured 

for 1, 4 and 7 days, and the culture medium was changed twice a week. GR-HA was used as 

control. Cultured composites were observed by Confocal Laser Scanning Microscopy 

(CLSM) and SEM, and were evaluated for cell adhesion, viability/proliferation and 

expression of osteoblastic genes.  

 

For CLSM assessment, material samples were fixed (3.7% paraformaldehyde, 15 min), 

permeabilized (0.1% triton in PBS, 5 min), and incubated with a solution of 10 mg/ml of 

BSA (Bovine Serum Albumin) with 1 µg/ml RNAse in PBS (1 h). Cell cytoskeleton 

filamentous actin (F-actin) was stained by treating the cells with 5 U/ml Alexa Fluor® 488-

Phalloidin (Invitrogen, Spain) (20 min). Cultures were treated with 10 µg/ml propidium 

iodide (Sigma-Aldrich, St. Louis) (10 min) for cell nuclei labelling. Labelled cultures were 
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mounted in Vectashield® and examined in a Leica SP2 AOBS (Leica Microsystems) 

confocal laser scanning microscope.  

 

For SEM observation, samples were fixed (1.5% glutaraldehyde in 0.14M sodium cacodylate 

buffer, pH=7.3, 10 min), dehydrated in graded alcohols, dried in hexamethyldisilazane 

(HMDS) solution in alcohol ranging from 50 % (V/V) to 100 % (V/V), sputter-coated with an 

Au/Pd thin film (SPI Module Sputter Coater equipment), and observed in a High resolution 

(Schottky) Environmental Scanning Electron Microscope (Quanta 400 FEG ESEM).  

 

The MTT assay was used to evaluate cell viability/proliferation on the colonized material 

samples. MTT (0.5 mg/ml) was added to the medium, and cultures were incubated for 4 h at 

37ºC. Following, the formazan salts were dissolved in DMSO and the absorbance (A) was 

determined at λ = 600 nm on an Elisa reader (Synergy HT, Biotek). 

 

Cultures were assessed by RT-PCR, at day 7, for the expression of the housekeeping gene 

glycerol-3-phosphate dehydrogenase (GAPDH), and the osteoblastic genes Runt-related 

transcription factor 2 (Runx2), Collagen type I (COL1), Alkaline phosphatase (ALP), Bone 

morphogenetic protein- 2 (BMP-2), Osteocalcin (OC) and Osteoprotegerin (OPG).  For that, 

RNA was extracted with Rneasy® Mini Kit (QIAGEN) according to manufacturer’s 

instructions and was quantified by UV spectrophotometry at 260 nm.  Half microgram of 

RNA was reverse transcribed and amplified (25 cycles) with the Titan One Tube RT-PCR 

System (Roche), with an annealing temperature of 55ºC.  Table 1 shows the primers used in 

the RT-PCR analysis. After electrophoresis on a 1% (w/V) agarose gel, the bands were 

analysed by densitometry with ImageJ 1.41 software. Values were normalized to the 

corresponding GAPDH value of each experimental condition.  

 

2.4. Bacterial adhesion on composites surface  

The bacterial strains Staphylococcus aureus (ATCC 25923), Staphylococcus epidermidis 

(ATCC 35984/RP62A) and Pseudomonas aeruginosa were used in the bacterial adhesion 

assay. The colorimetric MTT assay, based in the reduction of 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrasodium bromide) (MTT, Sigma, Germany) by viable bacteria to a purple 

insoluble formazan product, was used to assess bacterial adhesion. 
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A bacterial suspension (1 ml) containing 1.5x108 CFU/ml, prepared in Mueller Hinton Broth 

Medium (MHB, Liofichem, Italy), was poured onto the surface of the composite disks 

(previously sterilized by ethylene oxide), placed in a 24-well culture plate. The material 

samples were incubated at 37 oC, without agitation, for 4 h. After, the medium was removed 

and the samples were transferred to a new 24-well plate to guarantee that just adhered 

bacteria remain on the surface of the material.  Then, 1 ml of new medium and 100 µl of 

MTT (0.5 mg/ml) was added to each well. Samples were incubated for 4 h at 37 ºC, protected 

from direct light, the medium was removed, and the formazan crystals were dissolved in 

dimethyl sulphoxide (DMSO, Panreac, Spain). The absorbance was read at λ = 565 nm using 

a microplate reader Awareness Technology STAT FAX 3200.  

    

 

2.5. Statistical analysis 

Where adequately, experimental data were presented as mean ± SD (standard deviation). For 

quantitative assays, 5 samples were evaluated for each time point (n=5). For qualitative 

microscopy analysis, samples were evaluated in triplicates (n=3) and at least 10 images were 

randomly obtained from each sample. For RT-PCR analysis, three individual experiments 

were performed, each one with triplicate replicas. 

Statistical analysis of data was performed using the one-way ANOVA test, using the software 

SigmaStat 3.5. The differences were considered to be significant at a level of p<0.05. 

 

3. Results 

3.1. Physicochemical and mechanical characterization of the composites  

3.1.1. SEM and EDS analysis 

Representative SEM micrographs (Fig.1) of the prepared composites were acquired using the 

secondary electrons mode and a high magnification (3000x). The composites’ surface 

presented a similar morphology with a homogenous structure and a typical wide grain size 

distribution, which was observed for all the prepared compositions. Further, brighter particles 

have been detected in Sm-containing composites, particularly in the GR-HA_1Sm and GR-

HA_2Sm formulations, which may substantiate the presence of Sm within the composites’ 

matrix. Therefore, SEM/EDS characterization was performed in order to ascertain the 

presence of this element. A representative back scattered SEM image (Fig.2A) of the GR-

HA_2Sm composite, in which a Sm containing phase can be detected, as shown by the 
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distinctively brighter particles, is presented. These particles show a good distribution 

throughout the material’s matrix. EDS analysis of these structures confirmed the presence of 

Sm (Fig. 2B) and the obtained relative ratio of Sm, P and Ca was 0.49, 5.84 and 8.62 

respectively, in full correspondence with the nominal composition. 

 

3.1.2. XRD analysis 

XRD analysis was performed to identify the crystalline phases present in the GR-HA 

composites. The obtained patterns (Fig. 3) and were analyzed according to the Joint 

Committee on Powder Diffractions Standards (JCPDS).42 The peaks displayed in the plot 

correspond to the main peaks reported in JCPDS files for HA (JCPDS 72-1243), β-TCP 

(JCPDS 09-0169) and α-TCP (JCPDS 9-348). It should be noticed that the main peak 

attributed to HA is the most intense on GR-HA_2Sm, decreases progressively on GR-

HA_1Sm and GR-HA_0.5Sm, and is the least intense on GR-HA_control. The peaks 

attributed to the TCP phases display a contrasting pattern, i.e. these are the least intense on 

GR-HA_2Sm, and increase in intensity in GR-HA_1Sm and GR-HA_0.5Sm, respectively, 

being the most intense on GR-HA_control. Additionally, the peaks that appear in the region 

around 28.2o for GR-HA_0.5Sm, GR-HA_1Sm and GR-HA_2Sm, may be explained by the 

presence of the new crystalline phase of samarium oxide (Sm2O3), once they match the peak 

with highest intensity described in ICDD 00-015-0813 file information of Sm2O3. 

 

3.1.3. Surface roughness, contact angle and density evaluation 

The surface roughness of all composites was estimated by Ra determination (Table 1). In 

comparison to control, Sm-containing composites presented a significant reduced Ra value, 

despite that, overall, all assayed compositions showed a microscale topography, ranging from 

around 4 to 6 µm. Also, Sm-containing composites presented significant lower contact angle 

values (ranging from around 61o to 71o), as comparing to the control composite (around 78o) 

(Table 1). The ρapparent of all composites, geometrically calculated, strongly affects the 

mechanical properties of the materials and the results of this quantification are displayed in 

Table 1. As observed, despite the similarity among the values, the composite doped with the 

higher Sm concentration presents the higher ρapparent value. 
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3.1.4. Flexural bending strength 

The FBS tests (Fig.4) were performed to evaluate the probability of failure for all the 

developed composites under specific loads. Which presents the probability of failure versus 

the bending strength for each composite; it is possible to observe that Samarium doped 

composites presented higher values, in comparison to control. After applying the Weibull 

statistic to data, the m values for the materials were estimated, being around 3 and 4, for the 

control and Sm doped composites, respectively.    

 

3.2. Osteoblastic cell response 

3.2.1. Cell adhesion and pattern of cell growth 

The cell adhesion process and the cell/biomaterial interactions were addressed by CLSM and 

SEM imaging. The characterization at early time points, i.e. 6 hours of culture, revealed no 

significant differences between developed composites, in terms of cell morphology, as 

adhered cells presented a broadly spherical morphology (data not shown).  

 

CLSM images (Fig.5A) of the colonized composites at 1 day of culture showed that 

osteoblastic cells adhered to all surfaces and presented mostly an elongated morphology. At 

this culture time, cells established already cell-to-cell contact, and active cell division was 

also noticed. High magnification CLSM images (Fig.5B) showed some differences in the cell 

morphology and in the F-actin cytoskeleton organization, among the distinct composites. 

Over the GR-HA composite, cells presented low cytoplasm expansion, with the presence of 

groups of cells with rounded morphology and poor visibility of the nucleus. F-actin fibers 

presented diffuse distribution in the cytoplasm, and a higher density at the cell periphery. 

Over the Sm doped GR-HA higher cytoplasm expansion was evident, particularly on the 

composites with higher Sm content. Cells presented mostly elongated morphology with 

visible prominent nuclei, and well developed and organized F-action cytoskeleton as seen by 

the distribution of the stress fibers. SEM images (Fig.5C) revealed the presence of elongated 

cells, with filopodia, that were able to adapt to the underlying composite surface.  

 

SEM observation (Fig. 6, Left) at day 7, showed a well-organized layer of elongated cells 

over all composites, which covered the material surface and presented a perfect adaptation to 

the composite topography. CLSM images at day 7, (Fig. 6, Right) provided the similar 

information, but in addition, cells stained intensively for the F-actin cytoskeleton and 

exhibited well-defined cell limits. 
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3.2.2 Cell viability/proliferation and expression of osteoblastic genes 

The MTT assay (Fig.7A), revealed that cell viability/proliferation increased throughout the 

culture time over all composites. The Sm doped composites presented slightly higher values, 

~20% at day 7, for the GR-HA_2Sm. The cell layer was assessed, at day 7, for the expression 

of some representative osteoblastic genes, i.e. Runx2, COL 1, ALP, BMP-2, OC and OPG. 

The Sm doped composites presented increased expression of Runx-2, ALP, BMP-2 and OC, 

(Fig.7B). 

 

3.3. Bacterial adhesion  

Results for the bacterial adhesion (Fig.8) to the composites’ surface, evaluated after 4h 

culture time. Compared to the GR-HA composite, adhesion of both Staphylococci strains was 

greatly reduced in the Sm doped composites. Reduction was dependent on the Sm content. 

Adhesion of P. areruginosa was similar on GR-HA and the Sm doped composites. 

 

4.  Discussion 

This study reported the preparation of Sm doped GR-HA composites, their physicochemical 

characterization, osteoblastic cell response and potential antibacterial properties.  

 

SEM analysis of the developed composites (Fig. 1) revealed a characteristic homogenous 

structure, suggesting that the addition of Sm, in distinct amounts, did not modify the general 

microstructure of the prepared materials. It was also noticeable that the composites surface 

presented a wide range of grain sizes, which is a normal phenomenon after a sintering 

process.43,44 The brighter points observed in the micrographs acquired in the back scattered 

mode (Fig. 2A) were attributed to a Sm containing phase, since this lanthanide has a much 

higher atomic number than calcium and phosphorous, being easily distinguished in the 

conducted SEM-EDS characterization. Furthermore, EDS evaluation of the referred particles 

revealed the presence of Sm within the calcium phosphate matrix (Fig. 2B), on all assayed 

Sm-containing compositions. 

 

XRD analysis showed the presence of HA, β-TCP and α-TCP phases in all the preparations. 

It was expected that during the sintering process, due to the high temperatures, the added 

glasses became liquid and highly reactive, leading to the partial break down of HA, and to the 

consequent formation of secondary phases. In detail, HA matrix was transformed into β-TCP, 

which was then further transformed into α-TCP, as the glass entered HA’s structure and 
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drove off the hydroxyl groups, altering the Ca:P ratio.35,45 This is in agreement with reported 

results which confirm that, for a sintering temperature of 1300 oC, the referred phases of HA, 

β-TCP and α-TCP, can co-exist.34,46  XRD analysis also revealed an increase in the HA phase 

percentage and a decrease in TCP phases percentage, particularly regarding β-TCP, as the Sm 

concentration increased in the GR-HA composition. This fact can be explained by the higher 

content of the new refractory Sm oxide phase, meaning that the doped glasses are less 

reactive than the control one, thus lessening the transformation of HA into β-TCP and α-TCP 

phases.34,35,46  

 

The observed differences in phase composition also seem to influence the composites 

physicochemical properties. Accordingly, Sm-containing composites presented a surface 

roughness (Ra) value within the range of 4-4.5 µm, while the Ra of the control composite 

was around 6 µm. Despite the statistically significant differences, Ra values were found to be 

within the microscale topography range, previously shown to favour osteoblastic adhesion 

and to enhance cell proliferation and functional activity.47 Developed composites also 

presented a contact angle (θ) value lower than 90o, which sustains its hydrophilic behaviour.48 

Comparing to control, Sm-doped composites revealed significantly decreased θ values, and 

consequently, a more hydrophilic behaviour. This is in accordance with published data 

reporting that the lower the proportion of TCP phases within the composites’ matrix, the 

more hydrophilic its behaviour would be.48 Given that the addition of Sm reduced the 

proportion of TCP phases, the surface of Sm-doped composites was found to be more 

hydrophilic than the one verified in control. The distinct pattern of phase composition may 

also influence the biomechanical behaviour of the composites, as well as their the grain size 

and the porosity level.35,45 The porous microstructure of a material strongly interferes with its 

mechanical behavior under stress. A high content of pores in a ceramic material decreases its 

mechanical strength, because they act as a stress concentration factor.41,49 Thus, the higher 

ρapparent of Sm doped composites (lower pores percentage) than of GR-HA_control (Table 1) 

can explain their higher resistance to fracture (higher FBS). It should be referred that the m 

values obtained for all the composites, as expected for ceramic materials, reflect a low 

reliability of the FBS, and therefore a difficult failure prediction. The phase composition of 

the doped composites is very similar to the non-doped composite, the only difference is the 

Sm2O3 phase. Once this phase is residual for all the doped composites, the slightly higher 

FBS (Fig. 4) obtained for these composites must be mainly due to a lower grain size and 
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porosity level. Also, it is worth to note, that the Sm incorporation in the calcium phosphate 

matrix caused an increase of materials ρapparent values as the lanthanide concentration 

increases. This fact can be explained by the presence of Sm2O3 phase in all doped composites, 

which presents a higher ρ value than HA and TCP. However, this increase is very slight, 

probably due to the residual presence of Sm2O3 phase, and the ρapparent values are lower than 

expected for these sintering materials, meaning a high porosity level. This can be related with 

some processing parameters, such as differences in HA and glass granules size, the used 

pressure and temperature to prepare the composites.  

 

Sm doped composites were also characterized for the osteoblastic cell response, which was 

addressed for cell adhesion, F-actin cytoskeleton, proliferation and expression of relevant 

phenotype genes. 

 

Observation of seeded cells during the first 24 h provided information on the cell adhesion to 

the composites’ surface, namely on the cytoplasm expansion and the acquisition of the typical 

cell morphology, events that are strongly dependent on the reorganization of the F-actin 

cytoskeleton (Fig. 5A). Compared to the undoped GR-HA, there was a clear improvement in 

the cytoskeleton dynamics over the Sm doped composites. This effect was particularly noted 

in the composites with higher Sm amount, namely over GR-HA_2Sm, which displayed a 

better organization of the three-dimensional intracellular F-actin network. This is a relevant 

observation, as the F-actin cytoskeleton has a key role in the maintenance of the cell shape 

and cell junctions, gives mechanical support to cells and provides trafficking routes through 

the cytoplasm to aid signal transduction involved in intracellular transport, mitosis, cell 

motility and differentiation.50,51 This structure also affects cell response to the extracellular 

environment, namely the cell adaptation to the surface topography.51 Regarding this, cells 

proliferated throughout the culture time over all composites presenting an organized cell layer 

perfectly adapted to the surface topography (Fig. 6, Right).  

 

Sm doped composites also showed an inductive effect on cell proliferation, and an up-

regulation on the expression of Runx2, ALP, BMP-2 and OC (Fig. 7), genes typically related 

to osteoblastic differentiation.52  These effects were also dependent on the amount of Sm in 

the composites, being significantly increased over GR-HA_2Sm. No literature information is 

available on the behavior of bone cells in samarium containing calcium phosphate based 

materials. However, it was reported that samarium oxide surfaces allowed normal adhesion 
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and proliferation of the human osteosarcoma cell line HOS cells.40 In addition, the present 

results are also in line with that observed with other lanthanides. HA doped with La3+ 

promoted the adhesion, proliferation and differentiation of calvarial neonatal rat osteoblasts28 

and human osteoblasts.19 Also, HA and TCP lanthanum phosphate composites allowed 

similar or improved adhesion of human osteoblasts, compared to the reference materials.25 

 

The present and previous results are suggestive of the osteoblastic cytocompatibility of 

calcium phosphate materials containing lanthanides, and also support a trend for an improved 

cell behavior comparing to the reference materials. However, the mechanisms underlying the 

enhanced cell response over these materials are not fully elucidated. Nevertheless, the 

improved osteoblastic behavior might be related, at least partially, to the changes in the 

physicochemical profile induced by the presence of lanthanides in the HA matrix. Thus, in 

the present work, Sm doped composites presented some differences in the surface properties, 

compared to the undoped material, namely in the surface roughness and, more decisively, in 

the wettability values. Both parameters influence the type and the adsorption kinetics of the 

serum proteins to the materials’ surface, events with a pivotal role in cell adhesion, 

morphology and migration.53 In addition, the lanthanide itself is thought to play a role in the 

cell behavior. A variety of in vitro studies has reported that Ln3+ ions modulate the behavior 

of bone cells, by interfering with cell membrane bound mechanisms. There is evidence that 

these biological effects are due to the ability of Ln3+ ions to replace Ca ions in a variety of 

biological structures.3,4 Accordingly, Ln3+ ions seem to interfere with the intracellular 

calcium [Ca2+]i dynamics, namely by activating a membrane-bound Ca2+-sensing receptor 

(CaR) or/and by blocking Ca2+-dependent channels.3,54 This is of utmost relevance, as 

calcium ions have a major role as a second messenger by modulating a variety of cellular 

functions,55 and appropriate [Ca2+]i seemed to favor osteoblastic proliferation and 

differentiation.56  Also, there is a correlation between [Ca2+]i and cytoskeleton organization, 
57 and this mechanism might contribute to the better F-actin cytoskeleton organization seen in 

the present work over the Sm doped GR-HA composites, in line with that observed 

previously with La3+ in primary rat osteoblasts. 58   

 

The antibacterial properties of Sm doped GR-HA composites were evaluated against the main 

bacteria responsible for infections in hospital environment, namely in orthopedic surgical 

procedures, S.aureus, S.epidermidis (gram-positive bacteria) and P.aeruginosa (gram-
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negative bacteria).59 The used experimental protocol evaluated the bacterial adhesion on the 

composites’ surface, in order to assess the ability of the materials in preventing biofilms 

formation. For Staphylococci strains, the bacterial adhesion decreased as the Sm 

concentration in the composite increased (Fig. 8). Differences in the hydrophilicity of 

reference and Sm doped composites might had a contribution to the lower adhesion on Sm 

composites, as it is known that both specific and non-specific bacteria/biomaterials 

interactions are greatly affected by this surface parameter.27 Related to this, it has been 

reported that a decrease in the contact angle resulted in decreased adhesion of S.aureus and 

S.epidermidis in several surfaces.27 Also, Sm might present antibacterial properties. Sm ions 

may be released from the composite matrix and disrupt bacterial membrane integrity 

affecting a variety of cellular processes such as adhesion, ion conductivity and cell signalling, 

as reported with other lanthanides like cerium.29 In addition to the apparent effect on 

Staphylococcal adhesion, it is known that Ln ions inhibit Staphylococcal nuclease, a calcium-

dependent secreted enzyme, due to their ability to replace Ca ions in biological molecules.3 

This enzyme degrades nucleic acids and participates in the S. aureus spread in the infected 

host, being considered an important factor of the microorganism pathogenicity. For 

P.aeruginosa, the presence of Sm does not prevent the bacteria adhesion, which agrees with 

studies reporting other lanthanides, namely cerium.29,60  This behavior can be explained by 

the bacteria bacillus shape that allows the generation of more contact points with the material 

surface, enhancing the adhesion process. In addition, gram-negative bacteria present long, 

slender and flexible extensions, called pili, which have stronger adhesive properties than 

gram-positive bacteria, what also enhances the adhesion and makes the bacteria able to 

withstand higher physical stresses.61 Moreover, besides the peptidoglycan layer, gram-

negative bacteria presents a lipid external membrane containing lipopolysaccharides allowing 

a better interaction and adhesion with hydrophilic surfaces.62 On the other hand, overall, 

gram-negative bacteria are less susceptible to biocides than gram-positive bacteria, because 

the presence of the lipid external membrane would difficult the contact of exogenous 

molecules with the cell membrane. 

 

 

5. Conclusions 

The incorporation of Sm in GR-HA matrix resulted in the presence of a residual Sm 

containing phase besides HA, β-TCP and α-TCP phases, as verified by SEM, EDS and XRD 
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analysis, and increased the surface hydrophilicity. Moreover, due to different physical 

properties, the doped composites presented a slightly higher FBS comparing to GR-

HA_control. Sm doped composites exhibited improved osteoblastic cell response, as 

evidenced by a better F-actin cytoskeleton organization and higher cell proliferation and 

expression of relevant osteoblastic genes. In addition, adhesion of S. aureus and S. 

epidermidis was greatly reduced on these composites. The improved osteoblastic behavior 

and the antibacterial effects were dependent on the amount of Sm in the composite, being 

particularly evident in the composite with higher Sm content. Thus, the incorporation of Sm 

in the GR-HA matrix endowed the resulting composite with an enhanced osteoblastic cell 

response and an antibacterial activity, two key features contributing to a better outcome 

following bone graft implantation. 
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Table 1: Surface roughness, contact angle and apparent density of the prepared composites.                 

*Significantly different from control (p<0.05). 

 

 

 

 

 

 

 

 

Table 2:  Primers used on RT-PCR analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

Composite material Ra (µm) Θ (o) ρapparent (g/cm3) 

GR-HA_control 5.9 ± 0.66 78.3 ± 1.23 2.2±0.01 

GR-HA_0.5Sm 4.6 ± 0.26 * 71.1 ± 1.07 * 2.3±0.03 

GR-HA_1Sm 4.0 ± 0.24 * 65.5 ± 1.31 * 2.4±0.02 

GR-HA_2Sm 3.9 ± 0.32 * 61.7 ± 1.22 * 2.5±0.01 

Gene Forward primer Reverse primer 

GAPDH CAGGACCAGGTTCACCAACAAGT GTGGCAGTGATGGCATGGACTGT 

Runx2 CAGTTCCCAAGCATTTCATCC TCAATATGGTCGCCAAACAG 

COL1 TCCGGCTCCTGCTCCTCTTA ACCAGCAGGACCAGCATCTC 

ALP ACGTGGCTAAGAATGTCATC CTGGTAGGCGATGTCCTTA 

BMP-2 GCAATGGCCTTATCTGTGAC GCAATGGCCTTATCTGTGAC 

OC CACTCCTCGCCCTATTG CCCACAGATTCCTCTTCT 

OPG AAGGAGCTGCAGTAGGTCAA  CTGCTCGAAGGTGAGGTTAG 
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Fig. 1. Representative SEM micrographs of the prepared composites’ surface. A - GR-

HA_control; B - GR-HA_0.5Sm; C - GR-HA_1Sm; D - GR-HA_2Sm (High magnification 

X3000). 
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Fig. 2:  (A) – Representative SEM back scattered image of GR-HA_2Sm surface, revealing 

the Sm distribution within the calcium phosphate matrix. Scale bar corresponds to 100µm. 

(B)  EDS spectrum of the highlighted region in Fig. 2 (A). 
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Fig. 3:  XRD spectra of the prepared composites, showing the main peaks of each identified 

phase:  * - HA; ● - β-TCP; ■ - α-TCP; + - Sm2O3. 
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Fig. 4: Graphical representation of the Probability of failure vs. bending strength of the 

developed composites. 
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Fig. 5:  Cell adhesion of MG63 osteoblastic cells seeded over GR-HA and Sm doped GR-HA 

composites, at 1 day of culture. Representative low (A), and high (B) confocal laser scanning 

microscopy images of cells stained for F-actin cytoskeleton (green) and nuclei (red); (C) 

representative scanning electron microscopy images.  
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Fig. 6:  Pattern of cell growth of MG63 osteoblastic cells cultured over GR-HA and Sm 

doped GR-HA composites, at day 7. (A) Scanning electron microscopy images (Left) and (B) 

confocal laser scanning microscopy images (Right).  
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Fig. 7:  (A) Cell viability/proliferation of MG63 osteoblastic cells seeded over GR-HA and 

Sm doped GR-HA composites, and cultured for 7 days. (B) Expression of the osteoblastic 

genes Runx2, Col 1, ALP, BMP-2, OC and OPG, at day 7. *Significantly different from 

control (GR-HA); p ≤ 0.5. 

 

 

 

 

Fig. 8:  Bacterial adhesion over GR-HA and Sm doped GR-HA composites after 4 h of 

incubation. *, significantly different from GR-HA_control; #, significantly different from 

GR-HA_0.5Sm; +, significantly different from GR-HA_1Sm (p<0.05). 
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