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Abstract: This paper describes the synthesis and evaluation of samarium-doped 45S5
bioactive glass in various ratios. The bioactive glass samples were prepared using the sol–
gel method and subjected to a heat treatment at 700 ◦C in normal atmosphere. The obtained
samples were analyzed by thermogravimetric analysis (TGA) before and after the heat
treatment to assess their thermal stability and compositional changes. The bioactivity of the
samples was tested in vitro by immersion in simulated body fluid (SBF) at 36.5 ± 0.5 ◦C
(normal human body temperature) and pH 7.4 (the pH of the human blood plasma), for
several time periods. During the test, the pH and conductivity of the SBF solutions were
monitored to track ion migration. After the in vitro test, the mass loss was evaluated and
the formation of hydroxycarbonate apatite (HCA) was analyzed by FTIR spectroscopy. The
microstructure of the bioactive glasses was examined using scanning electron microscopy
(SEM) and the density of bioactive glass was also determined using Archimedes’ principle.
This study also investigated the antimicrobial and anti-biofilm properties of both undoped
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and samarium-doped 45S5 bioactive glass through qualitative and quantitative assays
against a range of microorganisms, including Gram-negative, Gram-positive, and yeast
reference strains. The results were compared with literature data on melt-derived bioactive
glass to evaluate the effects of Sm doping and the sol–gel synthesis method on bioactive
glass performance.

Keywords: bioactive glass 45S5; sol–gel synthesis; samarium-doped bioactive glass; in vitro
evaluation; anti-biofilm; virulence factor modulation

1. Introduction
In 1969, professor Larry Hench developed the first bioactive glass (BG), named 45S5.

Currently, this biomaterial has a multitude of applications in the biomedical field [1]. For
example, bioactive glass is used for bone replacement, bone tissue regeneration, and soft
tissue engineering [2]. Moreover, the use of these materials in combination with modern
technologies enables the fabrication of advanced biodevices for bone implants [3]. Their
preparation can be achieved via two methods: melt-derived BG and the sol–gel method.
Each method has its advantages and disadvantages, but it is generally considered that glass
obtained by the sol–gel method is more reactive over a wider range of compositions due to
its unique textural properties (inherent nanoporosity) [4]. In addition, it was demonstrated
that the degree of crystallinity and the bioactivity of the obtained glasses can change
depending on the thermal treatment applied during the preparation process [5].

Bone tissue engineering is a field of great interest due to the numerous bone malforma-
tions and pathologies encountered in patients of various ages. Bioactive glasses are used in
numerous medical applications due to their high biocompatibility, antibacterial properties,
and functional characteristics [6]. Advanced experiments revealed the beneficial influence
of the bioactive glasses on osteogenesis, considering their capacity to stimulate HCA forma-
tion and cells’ adhesion and proliferation [7]. Moreover, being class A bioactive materials,
45S5 bioactive glasses promote the osteoblast metabolism and secretion of growth factors,
thus enhancing the reconstruction of bone tissue [8]. In recent years, numerous bioactive
compounds have been studied to improve the osteogenic properties and biocompatibility
of bioactive glasses. Lanthanides, such as cerium or samarium, represent promising candi-
dates for bone tissue engineering due to their high affinity for bone structure, specificity for
Ca2+ sites, and antibacterial and osteogenic properties [9].

Doping bioactive glasses with ions can change the therapeutic effect of the biomaterial
and can also influence the structure and processing method. Apart from the “classic”
elements, recently more “exotic” ions have been used for doping. It has been observed
that these elements can enhance the biological and physical performance of bioactive
glasses, giving anti-inflammatory, antibacterial, fluorescence, and luminescence proper-
ties [10]. This luminescence facilitates non-destructive, real-time imaging and tracking
of the implants within the body, enhancing the monitoring of implant integration and
tissue regeneration. One of these studied rare elements is samarium. Samarium has
no biological role, but shows an increased affinity for bone tissue; it can be located in
the skeleton and in areas of increased bone turnover [11]. Bioactive glass doped with
samarium exhibits photoluminescence and fluorescence [12]. Additionally, the addition of
2 mol% Sm2O3 to a bioglass–hydroxyapatite composite decreases the degree of adhesion of
Staphylococcus aureus and Staphylococcus epidermidis, thus conferring antibacterial properties
to the obtained composite; in addition to that, there was observed a proliferation of MG63
cells [9,13]. In vitro biological assessments indicate that samarium-doped hydroxyapatite
nanoparticles are biocompatible with the MC3T3-E1 preosteoblast cell line and sustain their
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osteogenic activity [14]. Sm/Ag-doped bioactive glass promotes mineralization and has
significant antibacterial capabilities [15]. Samarium has also been tested for other types
of applications, such as the preparation of microspheres from mesoporous bioactive glass
with applications in drug delivery. The results showed that the rate of drug release is pro-
portional to the amount of samarium used for doping [16]. Samarium radionuclide 153Sm
(β-decay, half-life 1.9 days) is used for the treatment of bone cancer, prostate cancer [17–19],
breast cancer metastatic to the bone, elapsed or refractory multiple myeloma, and bone
pain [11]. Due to the short emission distance in the bone (1.7 mm), the radiation exposure
of the bone marrow and adjacent tissues is limited [20,21].

Although samarium is a well-studied element, its use as a doping agent for bioactive
glass remains relatively less explored. Given the outlined objectives, we aim to com-
prehensively characterize the physicochemical properties of 45S5 bioactive glass, both
in its undoped form and doped with samarium. Additionally, we will evaluate their
biocompatibility, antimicrobial activity, anti-biofilm efficacy, and potential to modulate
virulence factors. These investigations will help to explore the potential applications of
these materials in bone tissue engineering as well as other biomedical fields.

2. Materials and Methods
In the experiments performed, the following reagents were used: tetraethyl orthosili-

cate (TEOS; 99.9%) from VWR (Radnor, PA, USA), triethyl phosphate (TEP; 99%), nitric acid
(65%), tris(hydroxymethyl) aminomethane (TRIS; 99%), acetone (99.8%), and hydrochloric
acid (37%), all from Merck (Darmstadt, Germany); calcium nitrate tetrahydrate (99%),
samarium nitrate hexahydrate (99.9%), sodium chloride (99%), and calcium chloride di-
hydrate (99%), all from Sigma-Aldrich (St. Louis, MO, USA); sodium nitrate (99.5%),
potassium chloride (99%), sodium bicarbonate (99%), potassium phosphate dibasic (99%),
and sodium sulfate (99%), all from SILAL (Bucharest, Romania); and magnesium chloride
hexahydrate (99%) from Fluka (Charlotte, NC, USA).

The MC3T3-E1 cell line (CRL-2593) was purchased from ATCC, Manassas, VA,
USA. Dulbecco Modified Eagle’s Medium (DMEM) low glucose, antibiotic antimy-
cotic solution, phosphate buffered saline (PBS) powder, 3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide (MTT) reagent, and “in vitro toxicology assay kit lactate
dehydrogenase (LDH) based” (TOX7-1KT) assay kit were purchased from Sigma-Aldrich,
Germany. Fetal bovine serum (FBS) and the Live/Dead assay kit were purchased from
Thermo Fisher Scientific, Waltham, MA, USA.

2.1. Bioactive Glass Preparation

Bioactive glass with a mass ratio of SiO2:P2O5:CaO:Na2O as 45%:6%:24.5%:24.5%
and a molar ratio of 46.1%:2.6%:26.9%:24.4%, which corresponds to the composition of
45S5 bioactive glass, was prepared using the sol–gel method according to the procedure
described below. In a 250 mL three-necked round-bottom flask, equipped with a mechanical
stirrer, thermometer, and an addition funnel with pressure equalization, 75 g (4.16 mol)
demineralized water and 2 mL HNO3 (2N) were introduced. The water:TEOS ratio was
25:1. The resulting solution was warmed to 40 ◦C ± 5 ◦C. A certain amount of tetraethyl
orthosilicat, 39 g (0.187 mol), was introduced into the reaction mass using a dropping funnel
over ~1.5 h. After the addition of TEOS, the reaction mass was stirred for 30 min, then 3.85 g
(0.0211 mol) of triethyl phosphate was added over a period of 10 min. The resulting mixture
was stirred for an additional 30 min. Then, 25.8 g (0.109 mol) of calcium nitrate tetrahydrate
was added in portions of 2 g, each portion being added after the previous portion was
dissolved. After the complete addition of calcium nitrate, the reaction mass was stirred for
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15 min, after which 16.8 g (0.198 mol) of sodium nitrate was added in portions of 2 g; each
portion was added after the complete dissolution of the previous portion.

The bioactive glasses doped with +0.1, +1.0, and +3.0% wt samarium were prepared
using the same synthesis process, with the difference that after the addition of nitrate,
0.075 g, 0.75 g, and 2.25 g of samarium nitrate hexahydrate, respectively, was added to the
reaction mass, according to Table 1. After adding all the components, the reaction mass
was stirred for another 24 h at 25 ◦C ± 5 ◦C and then left to rest for 7 days. The formed
gel was transferred to alumina crucible, grinded, and dried at 130 ◦C for 8 h. The resulting
powder was heat-treated at 700 ◦C at a rate of 5 ◦C/min, then held for 3 h at 700 ◦C, after
which it was cooled and crushed again using a mortar. In each experiment, 24.5–25.5 g of
white powder was obtained, which corresponds to a yield of 98%.

Table 1. Samarium nitrate quantities added in the samples of bioactive glass.

Name Quantity Sm(NO3)3*6H2O (g) Sm (Mass %)

45S5 - -

45S5 + 0.1% Sm 0.075 g 0.1%

45S5 + 1.0% Sm 0.75 g 1.0%

45S5 + 3.0% Sm 2.25 g 3.0%

2.2. Thermogravimetric Measurements

Thermal behavior was followed with a STA 449C F3 system, TG-DSC (thermogravimetry–
differential scanning calorimetry) from Netzsch (NETZSCH-Gerätebau GmbH, Selb,
Germany), between 20–900 ◦C, with a sample heating rate of 10 ◦C/min, in dynamic
(50 mL/min) air atmosphere.

2.3. SEM Microscopy

The morphology of the obtained surface was analyzed using a QUANTA INSPECT
F50 scanning electron microscope (FEI, Eindhoven, The Netherlands) equipped with a field
emission gun with a resolution of 1.2 nm and an energy dispersive X-ray spectrometer with
a MnK resolution of 133 eV.

2.4. X-Ray Diffraction Analysis

Phase composition was investigated using a PANalytical Empyrean X-ray diffrac-
tometer (Cedar Park, TX, USA) operated in theta–theta geometry. The instrument was
equipped with a CuKα (λ = 1.5418 Å) sealed X-ray tube, featuring a fixed 1/4◦ divergence
slit and a 1/2◦ anti-scatter slit on the incident beam side. On the diffracted beam side, it
included a 1/2◦ anti-scatter slit and a Ni-filter mounted on a PIXcel3D detector operated in
1D mode. Analyses were conducted over a 2θ range of 5–80◦ with a step size of 0.026◦, a
counting time per step of 255 s, and a revolution time of 1 s. The recorded patterns were
indexed using HighScore Plus 3.0.e software in conjunction with the Crystallography Open
Database (COD). Phase quantification was performed by Rietveld refinement, utilizing
a polynomial function for background approximation, a pseudo-Voigt function for peak
profile fitting, and a Caglioti function for peak width determination.

2.5. Density Determination and BET Analysis

The density of the bioglass samples was determined using the Archimedes principle.
For this, 0.5 g of crushed bioactive glass powder was weighed, over which a pressure
of 250 MPa was applied, under vacuum, resulting, in the end, in discs with a diameter
of 10 mm. The determination of the density of the obtained samples was carried out
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using demineralized water as immersion solvent. All measurements were performed
3 times for each type of bioactive glass at 23 ◦C using an analytical balance (RADWAG
0.0000g, Model AS 220.R2), and the average value was determined (as well as the standard
deviation ± SD).

Textural characteristics of the bioactive glasses (surface area, pore volume, and average
pore diameter) were determined on an Autosorb 1 Nova 2200 Analyzer (Quantacrome
Instruments, Boynton Beach, FL, USA). Texture data were obtained by the automatic
recording and processing of adsorption–desorption isotherms of nitrogen. The specific
surface area was calculated using the equation in the linear part of the BET adsorption
isotherm. To assess the pore size, the desorption branch of isotherms with hysteresis was
used by applying the BJH method.

2.6. Bioactivity Evaluation In Vitro

In order to evaluate in vitro bioactivity of bioactive glasses obtained, a mass of ~0.5 g
bioactive glass was weighed with an accuracy of 0.0001 g, in polyethylene containers, with
lids. In every sample, 50 mL of simulated body fluid (SBF) solution (pH = 7.40, solution
prepared according to the procedure described by Kokubo and Takadama [22]) was added.
In Table 2, the concentrations of ions present in the SBF solution are listed. The suspensions
obtained were kept at 36.5 ◦C ±0.5 ◦C for 1, 3, 7, 14, and 21 days, respectively, occasionally
stirring the contents of the containers. The experiments were performed for all the prepared
samples and were repeated 3 times. The values presented in this paper are the average
values obtained.

Table 2. Ion concentration (mM/L) in SBF and in human blood plasma.

Ions Na+ K+ Ca2+ Mg2+ HCO3
− Cl− HPO4

2− SO4
2−

SBF 142 5.0 2.5 1.5 4.2 148 1.0 0.5

Human blood plasma 142 5.0 2.5 1.5 27.0 103 1.0 0.5

2.7. Determination of pH Variation, Ionic Strength, and Mass Loss

After immersing the bioactive glasses in SBF for the specified time periods, the samples
were vacuum filtered. The pH and conductivity of the filtrate was measured at 33–34 ◦C
using a Multi 9630 IDS apparatus equipped with pH and conductance electrodes. The
filtered powders were washed with 3 × 15 mL of demineralized water, then with 3 × 10 mL
of acetone, dried at 105 ◦C for 1 h, and then weighed on the analytical balance (RADWAG
0.0000g, Model AS 220.R2). The obtained results were compared with the initial masses of
the samples.

2.8. Biocompatibility Test
2.8.1. Cell Culture Model

The preosteoblast MC3T3-E1 cell line was used in order to observe the effect of the
45S5 bioactive glasses doped with different concentrations of samarium. MC3T3-E1 cells
were cultured in DMEM media supplemented with 10% FBS and 1% antibiotic antimycotic
solution and maintained at 37 ◦C, 5% CO2, in a humidified atmosphere. The cell culture
was propagated for many passages, and when confluent, the cells were seeded at a density
of 2.5 × 104 cells/cm2 in triplicate in a 48-well plate and incubated in standard conditions
for 24 h in order to allow cell attachment to the surface.

For the indirect experiments, the 45S5 bioactive glasses doped with 0.1% Sm,
1% Sm, and 3% Sm were sterilized and incubated in DMEM media for 24 h at 37 ◦C.
The conditioned media of 45S5, 45S5 + 0.1% Sm, 45S5 + 1% Sm, and 45S5 + 3% Sm were
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put in contact with the preosteoblasts seeded in a 48-well plate and incubated in standard
culture conditions for additional 24 and 48 h. The culture plates were regularly observed
with a phase contrast microscope.

2.8.2. Biocompatibility Assays

In order to evaluate the biocompatibility of the enriched 45S5 bioactive glasses, via-
bility and cytotoxicity assays were performed at 24 and 48 h after the conditioned media
addition. Cell viability profile was determined using a qualitative Live/Dead fluorescent
staining and quantitative MTT assay, while the glasses’ cytotoxicity was determined using
a LDH assay.

2.8.3. Live/Dead Assays

Live/Dead fluorescent staining was performed in order to observe the ratio between
the live cells and dead cells. The staining solution was prepared according to the manufac-
turer’s instructions and incubated with the samples for one hour in dark conditions. The
visualization of live cells and dead cells’ nuclei was performed employing an Olympus
IX73 (Olympus, Tokyo, Japan) microscope equipped with a Hamamatsu ORCA-03G camera
(A3472-06, Hamamatsu, Japan) and the images were acquired using CellSens Dimension
software (v1.11, Olympus).

2.8.4. MTT Assay

The preosteoblasts’ viability was quantitatively measured using a spectrophotometric
MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) assay. The cell cultures
were incubated with 1 mg/mL MTT solution for 4 h, allowing the formation of formazan
crystals by the metabolic active cells. The formazan crystals were solubilized with iso-
propanol and the optic density was measured at 550 nm on a Flex Station 3 (Molecular
Devices, San Jose, CA, USA). The values obtained were directly proportional with the
amount of live cells.

2.8.5. LDH Assay

The cytotoxic potential of the enriched 45S5 bioactive glasses was determined using
an “In vitro toxicology assay kit lactate dehydrogenase (LDH) based” TOX7 kit. The
culture media was collected from the culture wells, mixed with the components of the
kit, and incubated in the dark and at room temperature for 10–15 min, according to the
manufacturer’s instructions. The optical density was measured by spectrophotometry at
490 nm on the Flex Station 3. The values obtained were directly proportional with the
amount of dead cells.

2.8.6. Statistical Analysis

All tests were performed in triplicate. Statistical analysis of the data was performed
using GraphPad 9 Prism software, the one-way ANOVA method, and the Bonferroni
post-test, taking as statistically significant a p value < 0.05.

2.9. Antimicrobial and Anti-Biofilm Properties and the Influence of 45S5 Bioactive Glass on the
Soluble Virulence Factors’ Modulation
2.9.1. Qualitative Screening of 45S5 Bioactive Glass Against Reference Microbial Strains

This study utilized a modified diffusion assay to assess the antimicrobial activity of
45S5 bioactive glass, both undoped and doped with samarium at various concentrations
(0.1%, 1.0%, and 3.0%). The antimicrobial effects were tested against a range of microorgan-
isms, including Gram-negative (Pseudomonas aeruginosa ATCC 27853, Klebsiella pneumoniae
ATCC 13368, Acinetobacter baylyi ATCC 33305, Escherichia coli ATCC 13846, and sodium
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azide-resistant E. coli J53), Gram-positive (Staphylococcus aureus ATCC 25923 and Staphy-
lococcus epidermidis ATCC 12228), and yeast species (Candida auris DSM 21092, Candida
parapsilosis DSM 28722, and Candida tropicalis DSM 7524). Microbial suspensions were
standardized to 0.5 McFarland units for bacterial strains and 1 McFarland unit for yeast
strains. These suspensions were inoculated onto Mueller–Hinton agar (for bacteria) and
Sabouraud agar (for yeasts). A 10 µL solution of each test sample (10 mg/mL in distilled
water) was applied to the inoculated agar plates, which were then incubated at 37 ◦C
for 24 h. Antimicrobial activity was evaluated based on the diameters of growth inhibi-
tion zones, classified into three arbitrary units (AU): 0 for no inhibition, 1 for inhibition
zones ≤10 mm, and 2 for zones of 11–20 mm, following Corbu [23].

2.9.2. Quantitative Evaluation of the Antimicrobial Activity of the 45S5 Bioactive Glass

The evaluation of both undoped samples and samples doped with samarium was
performed using the binary microdilution method in 96-well plates (ranged between
5–0.009 mg/mL) on Mueller–Hinton (MH) Broth in the case of bacterial strains and
Sabouraud broth for yeast strains. Respectively, 0.5 and 1 McFarland standardized sus-
pension was added to a final concentration of 10% in a final volume of 100 µL. After 24 h
at 37 ◦C, the results were analyzed by determining the optical density at 620 nm using
a Thermo Scientific™ Multiskan™ GO Microplate Spectrophotometer and the minimum
inhibitory concentration values (MIC), based on the results analyzed in triplicate and
blank subtraction.

2.9.3. Assessment of the Influence of 45S5 Bioactive Glass on Microbial Adherence

The effect of 45S5 bioactive glass on the adherence capacity of the reference bacterial
and yeast strains was evaluated using an adherence inhibition assay. This assay employed
sub-inhibitory concentrations of 45S5 bioactive glass samples (MIC/2 and MIC/4) and
the crystal violet staining microtitration method to quantify microbial adherence. The
percentage inhibition of microbial adherence (MAI%) was calculated from absorbance
measurements using a previously established formula [23,24], providing a quantitative
assessment of the bioactive glass’s impact on the ability of microorganisms to adhere to
inert substratum.

2.9.4. The Influence of 45S5 Bioactive Glass on the Soluble Virulence Factors Modulation

The ability of the reference bacterial and yeast strains to secrete soluble virulence
factors (hemolysins, esculin hydrolysis, lecithinase, caseinase, and lipase) was assessed
in the presence of 45S5 bioactive glass, both undoped and doped with samarium, at sub-
inhibitory concentrations (MIC/2 and MIC/4). The methodology followed established
protocols [25,26]. The modulation of the soluble virulence factor production was quantified
by calculating the percentage inhibition of secretion, as described in prior studies [27],
offering insights into the bioactive glass’s potential to interfere with microbial pathogenicity.

2.9.5. Statistical Data Analysis

The data regarding antimicrobial activity, anti-adherence effects, and modulation
of virulence factor production were processed using GraphPad Prism v10 (GraphPad
Software, San Diego, CA, USA). Results were reported as mean values ± standard deviation
(SD). A two-way analysis of variance (ANOVA) was conducted, followed by Dunnett’s
multiple comparisons test to account for multiple testing. A p-value < 0.05 was considered
statistically significant.
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3. Results and Discussion
3.1. Thermogravimetry (TG) and Differential Scanning Calorimetry (DSC) Analysis

Thermal analyses were performed on the bioactive glasses before and after the heat
treatment was applied. The pristine samples contained nitrate compounds (sodium, cal-
cium, and samarium) that had to be removed for increasing bioactivity, hence the need for a
thermal treatment. The mass loss curves as a function of temperature and also DSC curves
of the samples before heat treatment are presented in Figure 1. It can be observed that
the mass loss takes place in four temperature ranges. In the range of 50–210 ◦C, the water
in the bioglass composition evaporates (decomposition of crystal hydrates). In the range
of 210–560 ◦C, the decomposition of sodium nitrate takes place with the elimination of
nitrogen oxides and oxygen, and in the range of 560–700 ◦C, the decomposition of calcium
and samarium nitrate occurs, mainly with the elimination of nitrogen oxides and oxygen.
In the range 735–800 ◦C, a mass loss process is observed, which is assumed to be the loss
generated by the decomposition of minute carbonate quantities obtained due the presence
of organics in the initial composition. The shape of the curves for all four samples is similar,
with a slight difference in the case of undoped 45S5 bioactive glass, where the mass loss
occurs faster in the first two intervals. A slight difference appears, however, in the case of
the bioglass doped with 3% samarium. This sample shows a more significant mass loss
in the temperature interval 560–700 ◦C than the samples doped with 0.1% and 1%, which
have a slower mass loss in this range. Towards the end of the experiment, the mass loss in
the case of all four samples is around 50% compared to the initial mass.
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Figure 1. TG-DSC curves for raw bioactive glass (without heat treatment at 700 ◦C).

The glass transition of the pristine 45S5 samples was determined at 557.5 ◦C, in
good agreement with the literature [28,29]. The samples containing Sm present a higher
temperature for the glass transition, in the interval 571–576 ◦C. Two weak exothermic peaks
are observed at ~655 ◦C and ~694 ◦C, related to oxidation processes [30]. The exothermic
event from ~743 ◦C can be assigned to structural modifications, probably associated with
the formation of crystalline phases [28]. The samarium doping has a significant impact
only at a higher concentration, 3%, when the crystallization peak is observable at 730.6 ◦C.

Following the first thermogravimetric experiment, we found that the optimal tem-
perature to perform the heat treatment of the bioactive glasses obtained is around 700◦ C.
Thus, the decomposition of all nitrates is achieved and the carbonates can slowly decom-
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pose during the isothermal treatment for 3 h, resulting in the bioactive glasses of the
proposed composition.

The obtained samples were also subjected to thermogravimetric analysis after the heat
treatment at 700 ◦C/3 h was performed. The mass loss and DSC curves are illustrated in
Figure 2. In the case of the heat-treated samples, the mass loss was only 4%. This was
due to the removal of absorbed water and carbon dioxide from the air by the bioglass
after heating to 700 ◦C, and thus only adsorbed water is removed in this case (which is
adsorbed from the air). The slopes of the curves are similar for all four samples, but it
is observed that with the increase in the amount of samarium in the bioglass, the mass
loss is more pronounced. This loss is most likely due to the smaller particle size of the
sample with 3% Sm, as indicated by the SEM micrographs. A smaller particle size leads
to a higher surface and therefore to a larger adsorption capacity of water molecules from
the atmosphere.
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3.2. Evaluation of Surface Morphology of Bioactive Glass Samples by SEM

The surface morphology of bioactive glasses was analyzed by SEM and is shown in
Figures 3–5. In Figure 3, at a magnification of 200×, it can be seen that the powders appear
as irregularly shaped granules under 500 µm in size.

In Figure 4, at a magnification of 2000×, it is observed that the bioactive glass particles
represent agglomerations of smaller particles, which can be seen very clearly in Figure 5.
These microparticles have a polyhedral shape, the size of which decreases with the increase
in the content of Sm. In the case of the sample with +3% Sm content, the smaller particles
have a size of 40–60 nm, which is in close agreement with the data reported in the liter-
ature [31]. The SEM images do not show clear evidence of porosity. Additionally, BET
analysis indicates that the material has lower porosity.

From the EDS spectra, shown in Figure 6, the elemental composition of the obtained
bioactive glasses can be observed. The detected X-ray lines for each element correspond
to the K-series, except for Sm, which was detected using the L-series. The EDS spectra
(a) and (b) of bioactive glass 45S5 and 45S5 + 0.1% Sm appear very similar, as the Sm
content in sample (b) is below the detection limit of the technique. The peaks charac-
teristic of the elements Na, O, Si, P, and Ca in the composition of bioactive glasses are
observed. In the spectra (c) and (d) of the bioglass doped with a higher content of 1 and 3%
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samarium, respectively, apart from the mentioned elements, the characteristic Sm peaks
are also observed, which proves that the doping of bioactive glasses with samarium took
place successfully.
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3.3. FTIR Spectroscopy

Bioactive glass samples were analyzed by FTIR spectroscopy to monitor the presence of
the characteristic peaks of bioactive glass and to observe whether nitrates were completely
removed from the sample composition. With the help of this analysis, the differences that
appear in the spectra of the obtained bioglass can be highlighted. Figure 7 shows the
spectra obtained from the FTIR analysis.
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The characteristic peaks of bioactive glass are observed, the shape of the curves being
similar for all samples, with small differences in the shifting of the peaks, shifts that are
due to the presence of samarium ions. The peaks appearing at 1436–1456 cm−1 signal
the presence of an amount of the C-O bond from carbonate and those at 992–1016 cm−1

are associated with the asymmetric stretching vibration of the Si-O-Si bond. The peak
at 922–930 cm−1 is attributed to the Si-O bond with unbound oxygen, while those at
875–880 cm−1 are also associated with the Si-O bond. Additionally, the peaks observed
at 617 cm−1 and 517–510 cm−1 indicate the presence of silicorhenanites, representing the
characteristic bending vibration of the P-O bond and the O-Si-O bond, respectively [32,33].
The peaks at 570 cm−1 that are less intense are due to the bending vibration of the P-O
bond [34]. It can be seen from the spectra that with the increase in the samarium content, the
peak at 1016 cm−1, characteristic of the amorphous phase, intensifies, while the intensity
of the peak at 880 cm−1, associated with the crystalline phase, decreases. These data are
consistent with the spectra of bioactive glass 45S5 obtained using the sol–gel method [31].

3.4. X-Ray Diffraction Analysis

Figure 8 presents the X-ray diffraction (XRD) patterns of the synthesized pris-
tine 45S5 bioglass and the samples doped with 0.1%, 1%, and 3% samarium (Sm).
Regardless of the nominal composition, the patterns indicate a mixture of combeite
(Na2.915Ca1.543Si3O9—COD # 96-900-7712 [35]) and devitrite (Na2Ca3Si6O16 [36]) as crys-
talline phases and the glassy phase. At low Sm addition levels of 0.1% and 1%, the devitrite
content decreases from 3.8% to approximately 1.3–1.4%. However, increasing the Sm addi-
tion to 3% results in a rise in devitrite content to 4.5% (see Table 3). The non-monotonic
trend in devitrite content suggests a competing effect of samarium ions: inhibition of
devitrite nucleation at low concentrations due to structural disruption versus enhanced
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crystallization at higher concentrations due to increased phase separation or nucleation
sites. An interesting aspect is the crystallinity degree of the samples, around 19%, which
is lower than the values reported in the literature [31]. This can be explained by a phe-
nomenon where the crystalline phase is shelled within a more amorphous phase, thereby
reducing the measured crystallinity.
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Figure 8. X-ray diffraction patterns of 45S5 bioglass with varying samarium additions.

Table 3. Crystalline phase composition of 45S5 bioglass with varying samarium additions.

Sample Combeite Devitrite

45S5 96.2% 3.8%

45S5 + 0.1% Sm 98.7% 1.3%

45S5 + 1% Sm 98.6% 1.4%

45S5 + 3% Sm 94.5% 4.5%

45S5 + 3% Sm after 21 days in SBF 97.5% 1.3%

The incorporation of the samarium in the crystalline phases of the 45S5, 45S5 + 0.1% Sm,
45S5 + 1% Sm, and 45S5 + 3% Sm samples was studied by analyzing peak positions and
unit cell parameters obtained from Rietveld refinements. Thus, the variation of devitrite
phase peak positions to higher 2θ values accompanied by a decrease its unit cell volume
(Table 4) with the increasing content of samarium show the incorporation of Sm3+ in the
devitrite phase. Considering the ionic radius of Sm3+ (1.24 Å) and the ionic radius of Na+

(1.39 Å) and Ca2+ (1.34 Å) ions, doping most probably takes place by a partial replacement
of the Na+/Ca2+ ions with Sm3+, which explains the decrease in the unit cell volume when
increasing the samarium addition.
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Table 4. Unit cell parameters of 45S5 bioglass crystalline phases with varying samarium additions.

45S5 45S5 + 0.1% Sm 45S5 + 1% Sm 45S5 + 3% Sm

Combeite Devitrite Combeite Devitrite Combeite Devitrite Combeite Devitrite

a (Å) 10.497 10.203 10.498 10.111 10.492 10.102 10.497 10.131

b (Å) 10.497 10.699 10.498 10.691 10.492 10.627 10.497 10.584

c (Å) 13.179 7.174 13.179 7.171 13.170 7.102 13.164 7.043

α (◦) 90 110.86 90 110.8 90 109.90 90 109.13

B (◦) 90 97.78 90 98.2 90 98.10 90 98.13

G (◦) 120 78.10 120 78.01 120 78.16 120 78.18

V/106 (pm3) 1257.737 714.3854 1257.862 706.8171 1255.539 699.5542 1256.095 696.1263

After the immersion of 45S5 bioglass doped with 3% Sm in SBF for 21 days, the XRD
pattern (Figure 9) highlights the formation of a 1.2% hydroxyapatite phase (COD # 96-900-
2217 [37] with a low crystallinity specific for the such bioactivity studies in SBF), while the
content of devitrite decreases from 4.5% to 1.3% and the combeite phase increases from
94.5% to 97.5% (Table 5). Notably, the intensity of the peaks decreases after immersion
in SBF, which corresponds to a reduction in crystallinity from 19.36% to 11.68%, which
is normal because the apatite phase deposition (coating) is a wet precipitation process.
Even if the content of the hydroxyapatite is only 1.2%, this value is significant because the
crystallinity of the formed HA is low. In fact, the most important conclusion is that these
samples are bioactive, the kinetics being important but not crucial.
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Table 5. Phase composition of 45S5 bioglass doped with 3% Sm before and after 21 days of immersion
in SBF.

Sample Combeite Devitrite Hydroxyapatite

45S5 + 3% Sm 94.5% 4.5% -

45S5 + 3% Sm after 21 days in SBF 97.5% 1.3% 1.2%

3.5. Density Determination and Textural Characteristics of the Bioactive Glasses

The results of density determinations of the bioactive glasses synthesized in this
work are graphically represented in Figure 10. It can be observed that the density of the
glasses increases with the increase in the amount of samarium. This density increase
can be attributed to the substitution of lighter silicon ions with heavier samarium ions, a
phenomenon also reported by the authors of reference [38].
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Figure 10. Density values of simple and samarium-doped 45S5 bioactive glass.

The textural characteristics of bioactive glasses, such as specific surface area, pore
volume, and pore diameter, are presented in Table 6. The results show that the specific
surface area of the samples ranges between 1.37 and 7.4 m2/g, while the pore volume is
very low, bellow the quantification level, and thus we can just conclude that the bioactive
glasses are not porous. The average pore diameter ranges from 3.5 to 3.88 nm. These values
suggest a low porosity, typical of non-porous bioactive glasses. Although mesoporous
glasses have the ability to form apatite in SBF in vitro and exhibit higher cytocompatibility
compared to non-porous glasses [39], the bioglasses obtained in this work demonstrate a
good capacity to form apatite while maintaining good biocompatibility, as will be discussed
in the following sections.
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Table 6. N2-BET surface area of bioactive glass.

Sample Surface Area
(m2/g)

Pore Volume
(cm3/g)

Pore Diameter
(nm)

45S5 2.690 <LQ 3.525

45S5 + 0.1% Sm 7.387 <LQ 3.883

45S5 + 1.0% Sm 1.370 <LQ 3.863

45S5 + 3.0% Sm 2.060 <LQ 3.880
LQ: Limit of Quantification.

3.6. Bioactivity Evaluation Using FTIR

The bioactivity of the samples obtained was evaluated by immersing them in SBF and
tracking the change in the composition of the powders after different periods of time. The
composition of the powders was analyzed by FTIR spectroscopy. Figure 11 shows the FTIR
spectra of bioactive glass samples doped with 3% samarium before and after immersion in
SBF at 36.5 ◦C ± 0.5 ◦C and a pH value of 7.4 (conditions similar to those present in the
human body).
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Figure 11. FTIR spectra of the bioactive glass powder doped with 3% samarium, before and after
immersion in SBF.

From the spectra obtained, the formation of HCA can be observed from the first day
of immersion in SBF. As the immersion time in SBF progresses, the intensity of certain
characteristic peaks decreases, and some of them undergo a shift in their position. The
peak that appears at 1456 cm−1, characteristic of the C-O bond in carbonates, shifts into
two peaks that appear at 1480 and 1417 cm−1, associated with the stretching vibration of
the C-O bonds in HCA which are going to be formed during the bioactivity assessment. The
peak at 570 cm−1, which corresponds to the bending vibration of the P-O bond, has been
present and remains observable. The peak at 1005 cm−1 associated with the asymmetric
Si-O-Si stretching vibration remains present even after 21 days of immersion in SBF. On the
other hand, the intensity of the 922 and 880 cm−1 peaks attributed to the Si-O bond with
the unbound oxygen decreases with time. These spectral transformations demonstrate the
formation of hydroxycarbonated apatite (especially based on the intensifying of the peak
from 1004 cm−1) on the bioglass surface during the immersion in SBF.
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3.7. Determination of the pH Variation and the Ionic Strength of SBF Solution

The variation of pH and ionic strength of the SBF used was monitored during the
bioactivity testing of the samples in order to determine if any ions were released into the
solution. The obtained results are presented in Figures 12 and 13. It is observed that the pH
of the SBF solution increases over time, especially in the first days. This can be explained
by the fact that the release of cations from the bioactive glass network takes place, and
they are replaced by hydronium ions. There is also a dependence between the pH of the
solution and the amount of dopant ion. The higher the concentration of samarium, the
greater the increase in pH and conductivity. However, this increase is not significant, in
the case of samples with 1% and 3% samarium, respectively, the values being extremely
close. A higher pH in the solution can be an advantage for the bioactive glass, as it suggests
a higher dissolution rate, which could facilitate the formation of hydroxyapatite on the
surface of the material. This is an important indicator of bioactivity, as hydroxyapatite
formation is crucial for bone tissue bonding and integration. Furthermore, an elevated pH
may improve the material’s affinity for bone tissue, as more alkaline conditions are known
to promote the formation of hydroxyapatite, essential for the integration of implants into
the bone [40].
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Figure 12. pH variations of the SBF solution during the evaluation of bioactivity of the bioactive glass
doped with samarium.

Additionally, the increase in pH may have antimicrobial effects, as certain bacteria and
biofilms are sensitive to changes in pH. In this context, samarium doping could provide
an added benefit in preventing infections, offering a dual advantage of both enhanced
bioactivity and antimicrobial properties [41].

In Figure 13, the variation of the ionic strength of the SBF solutions is represented
during the in vitro assessments. A rapid increase in conductance is observed in the first
3 days, which continues in the following days but is significantly more slowly. From the
graphic representation, a dependence of the conductance variation on the amount of dopant
ion can be observed. The greater the amount of samarium in the sample, the greater the
amount of ions released into the SBF solution. The slightly higher conductivity values
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observed in the samples with higher samarium concentrations suggest a greater release of
ions from the doped glass into the SBF solution. This phenomenon may indicate a slightly
more pronounced dissolution of the glass network and a more intense ion exchange, factors
that could contribute to enhanced bioactivity.
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Figure 13. The variation of the ionic strength of the SBF solution during the evaluation of the
bioactivity of bioactive glasses doped with samarium.

Considering the changes of the pH and conductivity, it can conclude that the
three Sm-doped bioactive glasses are slightly more active.

3.8. Mass Loss Determination

To determine if the solubility of the bioactive glass is influenced by the amount of
doping agent used, the mass loss of the samples was determined. For this, after performing
the in vitro test, the bioactive glass samples were filtered, dried at 105 ◦C/1 h, and then
weighed. After comparing the initial and final masses, we concluded that during the test,
a partial dissolution of the bioactive glass takes place, which leads to a loss of mass up
to approx. 13% after 21 days of immersion (Figure 14). The greatest loss of mass occurs
on the first day of immersion. The bioglass undergoes transformations immediately after
immersion in SBF, the soluble ions being released into the solution very quickly. After the
first day of immersion, the bioglass continues to undergo transformations, but much slower,
which indicates a rapid, immediate response at the contact with the biological environment
and a very good bioactivity. A slightly higher loss is also observed in bioactive glasses
doped with a larger amount of samarium, which correlates with the data presented on the
variation of pH and ionic strength. It is worth mentioning that the overall measured differ-
ence is a complex function which keeps in mind solubilization and deposition processes.
As an overall conclusion, the higher the samarium content is, the higher the activity in
SBF is.
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3.9. Biocompatibility Test Results

First of all, the optimization of the working concentration was performed analyzing
several concentrations (from 1 to 50 mg/mL) of the composition with the highest concen-
tration of samarium, due to the biophysical-chemical properties of samarium. Live/Dead
staining was used to highlight the ratio between live and dead cells exposed to different
concentrations of 45S5 + 3% Sm-conditioned media after 24 h of incubation in standard
conditions (Figure 15). The results revealed high cell viability in contact with 1 mg/mL,
5 mg/mL, 10 mg/mL, and 20 mg/mL of 45S5 + 3% Sm, as compared with the same con-
centration of simple 45S5 bioactive glass. Moreover, higher concentrations (40 mg/mL
and 50 mg/mL) of bioactive glasses determined a decrease in cell viability both in contact
with 45S5 and 45S5 + 3% Sm bioactive glasses. Based on Live/Dead results, a working
concentration of 20 mg/mL was established for carrying out the biological assays.
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Sm-conditioned media after 24 h of incubation in standard conditions. Scale bar 100 µm.
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The LDH assay indicated an overall low level of LDH released by the MC3T3-E1 cells
in contact with the enriched 45S5 bioactive glasses (Figure 16b). After 24 h of incubation
in standard conditions, no significant differences were registered in terms of cytotoxicity
between the control, 45S5, and Sm-enriched 45S5 bioactive glasses. After 48 h of incubation,
similar cytotoxicity levels were observed for 45S5 and Sm-enriched 45S5 bioactive glasses,
although a slight increase was registered in contact with 20 mg/mL of 45S5 + 3% Sm,
compared to untreated cells. Therefore, the 45S5 bioactive glasses can be validated as
biocompatible and used in bone-related applications.
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media. Statistical significance: * p < 0.05, ** p < 0.01, ## p < 0.01. (b) 45S5 bioactive glasses’ cytotox-
icity evaluation, as revealed by LDH assay after 24 and 48 h of incubation in standard conditions.
(c) Qualitative Live/Dead staining revealing live cells (green fluorescence) and dead cell nuclei (red
fluorescence) of MC3T3-E1 cells in contact with 45S5, 45S5 + 0.1% Sm, 45S5 + 1% Sm, and 45S5 + 3%
Sm-conditioned media after 24 and 48 h of incubation in standard conditions. Scale bar 100 µm.

The Live/Dead fluorescent staining allowed the qualitative evaluation of cell distribu-
tion and viability in contact with enriched 45S5 bioactive glasses and the results were in
accordance with the quantitative results obtained from MTT and LDH assays (Figure 16c).
After 24 h of incubation in standard conditions, the results indicated that 20 mg/mL of 45S5
bioactive glasses supported cell viability, suggesting no negative impact on cell behavior.
However, small amounts of dead cells can be observed after contact with 20 mg/mL of
45S5 + 3% Sm, compared with the control. After 48 h of incubation, a high cell density and
small amount of dead cell nuclei were observed in contact with Sm-enriched 45S5 bioactive
glasses, although no significant differences were noticed between compositions.
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3.10. Antimicrobial and Anti-Adherence Activity and the Influence of Bioactive Glass 45S5 Doped
with Samarium Against Virulence Factors’ Production

The 45S5 bioactive glass doped with samarium was inefficient at combating the
development of Gram-positive, Gram-negative, and Candida strains investigated by
qualitative assays.

3.10.1. Quantitative Evaluation of the Antimicrobial Activity of the 45S5 Bioactive Glass
Doped with Samarium Against Bacterial and Yeast Strains

The 45S5 bioactive glass doped with samarium showed limited antibacterial activ-
ity against most tested bacterial strains, with minimum inhibitory concentrations (MIC)
ranging from 1.25 to 5 mg/mL. Nica et al., in 2021, demonstrated no antimicrobial activity
of hydroxyapatite nanoparticles doped with samarium against Gram-positive bacteria
(S. aureus and Enterococcus faecalis), Gram-negative bacteria (E. coli and P. aeruginosa), and
yeast strains (Candida albicans) [42]. In our obtained results, the highest antibacterial ef-
fectiveness was observed for 45S5 + 1% Sm and 45S5 + 3% Sm against A. baylyi ATCC
33305 strain (MIC = 1.25 mg/mL), followed by 45S5 + 1% Sm against S. epidermidis ATCC
12228 (MIC = 2.5 mg/mL) (Figure 17). Lavric et al., in 2023, demonstrated the antimicro-
bial activity of standard bioglass doped with silver and samarium against Gram-negative
bacteria, highlighting its potential application in bone grafts and implants [15]. Similarly,
Araujo et al. in 2021 demonstrated the antibacterial activity of 45S5 bioglass doped with
alumina and strontium oxide against E. coli strains through qualitative assays [43]. In
another study, Hammami et al. (2023) demonstrated that incorporating CuO into 45S5 Bio-
glass revealed antibacterial properties against E. coli, methicillin-resistant S. aureus (MRSA),
and Streptococcus mutans reference strains [44]. The findings highlighted its potential to pre-
vent bacterial infections, promote osseointegration, and enhance the long-term success of
implants. Furthermore, Zhang et al. (2024) developed composite scaffolds integrating poly-
caprolactone (PCL) with 45S5 bioglass, demonstrating enhanced antibacterial properties, as
evidenced by the formation of inhibition zones against E. coli and S. aureus strains [45]. The
addition of 45S5 bioglass significantly improved the composite’s antibacterial efficacy while
also enhancing its surface hydrophobicity, mechanical rigidity, and overall biocompatibility,
making it a promising material for biomedical applications.
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examined samples, except for 45S5 + 3% Sm which showed the best antimicrobial activity
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against the three tested strains: C. parapsilosis DSM 28722 (CMI = 0.313 mg/mL), C. auris
DSM 21092 (CMI = 2.5 mg/mL), and C. tropicalis DSM 7524 (CMI = 3.75 mg/mL) (Figure 18).
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3.10.2. The Influence of the 45S5 Bioactive Glass Doped with Samarium on the Microbial
Adherence Capacity to the Inert Substratum

The impact of the bioactive glass on the adherence capacity of bacterial strains to the
inert substratum highlighted that K. pneumoniae ATCC 13368 strain did not significantly
reduce the adherence capacity to the inert substratum; moreover, the adherence was
stimulated, most probably due to the fact that its presence exhibited cellular stress, which
might influence the bacterial cells to form stress-resistant associations [46]. The highest
reduction of the adherence capacity was observed in the case of S. aureus ATCC 25923
treated with all tested samples, with the percentage of adherence inhibition capacity ranging
from 21–61%. The 45S5 + 3% Sm MIC/2 significantly reduced the adherence capacity of
the tested S. epidermidis ATCC 12228 strain to the inert substratum, with the percentage
values being below 10% (Figure 19). Previously, the superior antibacterial and anti-biofilm
activity of 45S5 bioglass compared to S53P4 bioglass was demonstrated against MRSA and
P. aeruginosa PAO1 strains [47]. In another study, the anti-biofilm activity of hydroxyapatite
nanoparticles doped with Samarium was demonstrated against S. aureus, E. faecalis, E. coli,
and C. albicans reference strains, suggesting their potential as promising candidates for
novel anti-biofilm agents [42].
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None of the 45S5 samples and the doped variants significantly increased the adherence
inhibition for C. tropicalis DSM 7524, with percentages remaining around or slightly higher
compared to the control. On the other hand, after being exposed to 45S5 bioactive glass,
both the C. auris DSM 21092 and C. parapsilosis DSM 28722 strains demonstrated significant
increases in the adherence capacity, the results showing that the percentage was noticeably
higher than the control. However, 45S5 + 3% Sm showed a reduction of the adherence
capacity for the C. parapsilosis DSM 28722 strain (Figure 20).
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3.10.3. The Influence of 45S5 Bioactive Glass Doped with Samarium on the Soluble
Virulence Factors Modulation

The results of the effect of 45S5 bioactive glass, with or without samarium doping,
on hemolysin production were shown across three bacterial strains: P. aeruginosa ATCC
27853, S. aureus ATCC 25923, and S. epidermidis ATCC 12228. The hemolysin produc-
tion capacity was completely reduced (0%) in the case of the S. epidermidis ATCC 12228
strain. Meanwhile, it was observed that a slight inhibition in the case of S. aureus ATCC
25923 treated with 45S5 + 3% Sm both MIC/2 and MIC/4, with percentages ranging from
58.33%–75% (Figure 21).
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The impact of the tested compounds on aesculin hydrolysis was evaluated in bacterial
strains, including K. pneumoniae ATCC 13368, S. aureus ATCC 25923, and S. epidermidis
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ATCC 12228. In the case of S. epidermidis ATCC 12228, a complete inhibition of aesculin
hydrolysis (0%) was observed. Conversely, bioactive glass doped with samarium signifi-
cantly enhanced aesculin hydrolysis in K. pneumoniae ATCC 13368, with increases ranging
from 146% to 307%. The most pronounced effect was recorded for the 45S5 bioglass con-
taining 1% Sm at a concentration of MIC/2, highlighting its strong stimulatory effect on
this metabolic activity (Figure 22).
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Lecithinase production was generally decreased for the P. aeruginosa ATCC 27853,
A. baylyi ATCC 33305, S. aureus ATCC 25923, and S. epidermidis ATCC 12228 strains upon
exposure to the tested samples, with percentages below 88.88%. However, in contrast
to this overall trend, 45S5 bioglass at MIC/4 exhibited a stimulatory effect on soluble
virulence factor production. Specifically, lecithinase activity increased to 116.66% in
P. aeruginosa ATCC 27853 and 122.22% in A. baylyi ATCC 33305, indicating a concentration-
dependent modulation of virulence-associated metabolic activities by 45S5 bioglass in
certain strains (Figure 23).
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In the case of caseinase production, the capacity of the tested strains was stimulated
after the treatment with all the samples. However, for E. coli ATCC 13846, a significant
inhibition was registered at contact with 45S5 + 1% Sm MIC/4 (26.66%) (Figure 24).



Coatings 2025, 15, 404 25 of 28

Coatings 2025, 15, 404 25 of 29 
 

 

In the case of caseinase production, the capacity of the tested strains was stimulated 
after the treatment with all the samples. However, for E. coli ATCC 13846, a significant 
inhibition was registered at contact with 45S5 + 1% Sm MIC/4 (26.66%) (Figure 24). 

 

Figure 24. Graphic representation of the inhibitory effect of bioactive glass doped with Samarium 
on the ability of bacterial strains to produce caseinase (* p < 0.05, ** p < 0.01; *** p < 0.001, **** p < 
0.0001). 

Lipase production was inhibited in A. baylyi ATCC 33305 and E. coli ATCC 13846, 
with activity levels reduced to below 47%. In contrast, a significant stimulatory effect was 
observed in S. epidermidis ATCC 12228, with activity levels increasing substantially, rang-
ing between 130% and 170%. This highlights a strain-specific response to the tested com-
pounds, demonstrating their potential to differentially modulate enzymatic activity de-
pending on the bacterial species (Figure 25). 

 

Figure 25. Graphic representation of the inhibitory effect of bioactive glass doped with Samarium 
on the ability of bacterial strains to produce lipase (* p < 0.05, ** p < 0.01; *** p < 0.001, **** p < 0.0001). 

Figure 24. Graphic representation of the inhibitory effect of bioactive glass doped with Samarium on
the ability of bacterial strains to produce caseinase (* p < 0.05, ** p < 0.01; *** p < 0.001, **** p < 0.0001).

Lipase production was inhibited in A. baylyi ATCC 33305 and E. coli ATCC 13846,
with activity levels reduced to below 47%. In contrast, a significant stimulatory effect
was observed in S. epidermidis ATCC 12228, with activity levels increasing substantially,
ranging between 130% and 170%. This highlights a strain-specific response to the tested
compounds, demonstrating their potential to differentially modulate enzymatic activity
depending on the bacterial species (Figure 25).
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4. Conclusions
Samarium is a doping agent that is less studied and there are limited references in the

literature that mention this element in combination with bioactive glasses. In this study,
bioactive glasses doped with 0.1, 1.0, and 3.0% wt. of samarium were successfully prepared
by the sol–gel method. The non-porous bioactive glass obtained through this method
demonstrated bioactivity in vitro, with apatite formation occurring immediately and be-
coming visible within one day, as confirmed by both FTIR and X-ray diffraction. The results
obtained after the characterization of the samples of bioactive glass doped with samarium
indicated that this biomaterial presents good perspectives for biomedical applications. High
cell density and good biocompatibility were generally observed in contact with Sm-enriched
45S5 bioactive glasses, even in the presence of 3.0% Sm. Although the antimicrobial activity
of the 45S5 bioactive glass doped with samarium was generally limited, significant efficacy
was observed against A. baylyi ATCC 33305 and S. epidermidis ATCC 12228. Additionally, all
tested BG samples significantly reduced bacterial adherence in S. aureus ATCC 25923. The
observed variability in virulence factor production underscores the material’s potential for
targeted biomedical applications. Thus, the bioactive glass doped with 0.1% Sm maintains
cell viability but has limited antimicrobial activity. The addition of 1% Sm results in a
material that is well-balanced in terms of biocompatibility and antimicrobial activity and
can be considered the optimal concentration for general applications. Bioactive glass doped
with 3% Sm is well-suited for applications necessitating enhanced antimicrobial control,
albeit with a potential trade-off in long-term biocompatibility.

These findings lay the groundwork for further development of samarium-doped bioac-
tive glass, with future studies focusing on in vivo testing and the incorporation of specific
active agents to enhance bone regeneration and expand their therapeutic applications.
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