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Abstract

In this study, trivalent rare-earth ion (Eu**, Gd**, and Yb>*)-substituted silicate-based bioactive glass scaffolds were prepared
by robocasting method using sol—gel-derived bioactive glass powders for tissue engineering applications and cancer therapy.
The structural, morphological, and mechanical properties of the prepared scaffolds as well as their in vitro bioactivity in
simulated body fluid (SBF) were investigated in detail. In addition, an anticancer drug (5-FU) adsorption and release behavior
of the scaffolds was studied as a function of time. In vitro, cytotoxicity and alkaline phosphatase activity were investigated
using human skin fibroblast BJ and osteosarcoma SaOS-2 cells. Results showed that using lanthanide ion-containing (0.5, 1,
3, and 5 wt%) sol—gel-derived bioactive glass powders it was possible to successfully fabricate periodic, mesh-like patterned
robocast glass scaffolds. All of the scaffolds prepared in the study sintered at 675 °C showed an amorphous structure. The
compressive strength of scaffolds was in the range of 8.8 MPa to 13.6 MPa and the highest strength values were obtained in
the Yb**-containing scaffolds. Hydroxyapatite formation was obtained for the scaffolds immersed in SBF for 28 days. The
fluorouracil adsorption amount was calculated to be ~25% for all types of scaffolds and the cumulative drug release was in
the range of 20-25% depending on the dopant concentration. Results of the in vitro cell culture experiments revealed that all
of the scaffolds fabricated in the study were not cytotoxic to fibroblast and osteosarcoma cells for up to 7 days under in vitro
conditions. An increase was obtained for the ALP activities for both types of cells as the incubation time was increased.
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1 Introduction

For the development of innovative and effective methods in
cancer treatment, materials science has emerged as a prom-
ising frontier. Among the intriguing developments in this
field is the utilization of bioactive glasses, a unique class
of materials with the potential to revolutionize bone can-
cer therapy [1, 2]. Bioactive glasses, originally designed
for their ability to bond with living tissues and promote tis-
sue regeneration [3-5], have garnered significant attention
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for their remarkable properties as carriers for therapeutic
ions [6], particularly rare-earth ions [7—11]. Trivalent rare-
earth ions have unique optical, magnetic, and luminescence
characteristics that make them invaluable in a wide range
of technological and biomedical applications [12]. When
embedded within bioactive glasses, these ions open up new
avenues for advanced drug delivery, tissue engineering, and
diagnostics. The integration of rare-earth elements (REEs)
into bioactive glasses not only enhances their biocompat-
ibility but also unlocks a range of powerful functionalities
that hold great promise for targeted cancer treatment [13].
Among these elements, europium (III), gadolinium (III), and
ytterbium (III) have gained prominence for their magnetic,
luminescent, and optical properties [14—16]. However, as
their usage expands, concerns about their potential cytotox-
icity have arisen, prompting researchers to investigate the
effects of these elements on living cells.
Photoluminescence and toxicity examination of red
emissive Eu®* complex cell dye has been investigated by
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Canisares et al.[17]. The cytotoxicity of a Eu®*-containing
complex was examined for CHO-K1 cells using an MTT
assay, and no obvious toxicity was observed after 24 h of
exposure at a concentration in the range of 25-200 pug/mL
[17]. Based on the previous study of Andrenuscu et al. [18]
about the Eu**-doped hydroxyapatite nanoparticles, after
5 days of cultivation with stem cells (amniotic fluid), no
cytotoxicity was observed.

While gadolinium-based contrast agents (GBCAs) have
been considered safe for diagnostic purposes, there have
been concerns about their long-term effects and potential
cytotoxicity [19]. Research on the cytotoxicity of gadolin-
ium has primarily focused on the stability of GBCAs in the
body and the potential for gadolinium deposition in tissues.
In some cases, gadolinium deposits have been observed in
the brain and other organs, particularly in individuals with
impaired kidney function [20]. Toxicity of GBCAs has been
attributed to the dissociation of Gd** from the chelated com-
plexes [19, 21]. However, the clinical significance of these
deposits and their associated cytotoxicity remain subjects of
ongoing investigation.

The cytotoxicity of ytterbium, like other rare-earth ele-
ments, is largely dependent on its chemical form and con-
centration. Ytterbium ions can interfere with cellular pro-
cesses when present in excessive amounts. However, studies
have shown that ytterbium-based contrast agents, designed
for medical imaging, can be used safely at appropriate con-
centrations without causing significant cytotoxic effects [22,
23]. A past study by Selvaraj and co-workers [24] demon-
strated that the ytterbium oxide nanoparticle exposure at
different concentrations (0-50 pg/mL) caused increased
cellular apoptosis and necrosis in cultured human kidney
HEK293 cells.

Previously, Eu**, Gd**, and Yb>*-substituted bioac-
tive glass powders have been prepared through the sol—gel
method and the structural, photoluminescence characteris-
tics of the prepared glass powders as well as the hydroxyapa-
tite formation behavior in SBF and its relation with the lumi-
nescence and optical oxygen sensitivity characteristics were
reported [15, 25]. This study aims to provide an exploration
of the structural, morphological, and mechanical proper-
ties as well as bioactivity, and cytotoxicity against human
osteosarcoma Sa0OS-2 and skin fibroblast BJ cells, and the
anticancer release behavior of trivalent lanthanide element
(Eu**, Gd**, or Yb>*)-containing 13-93 glass three dimen-
sional periodic scaffolds prepared by robocasting. By shed-
ding light on the multifaceted capabilities of REE-containing
bioactive glasses, the study focuses on inspiring further
research and driving the development of novel materials for
improved healthcare and therapeutic interventions.
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2 Experimental studies
2.1 Bioactive glass periodic scaffold manufacture

Three-dimensional bioactive glass scaffolds having peri-
odic grid-like structures were manufactured using sol-gel-
derived amorphous bioactive glass powders by the robo-
casting method (Fisnar NV 7400N, USA). The scaffold
manufacturing process involves (1) bioactive glass particle
synthesis using a sol-gel process, (2) ink preparation by
mixing synthesized glass particles with a temperature-sen-
sitive hydrogel, and (3) scaffold preparation by robocasting
(printing) followed by sintering.

The procedure followed for the synthesis of the silicate-
based 13-93 bioactive glass (BG) particles containing Eu’™,
Gd** and Yb* at different concentrations (53 SiO, , 6
Na,0, 12 K,0, 5 MgO, 20 CaO, 4 P,O5 wt%, where x=0.5,
1, 3, 5 wt% Eu,05, Gd,05, Yb,05) can be found elsewhere
[15, 25]. For the glass synthesis tetraethyl-orthosilicate was
dissolved in a water solution containing nitric acid at 25 °C,
leading to hydrolysis, followed by agitation for 60 min.
Subsequently, a sequence of other chemicals (triethyl-phos-
phate, calcium nitrate tetrahydrate, magnesium nitrate hex-
ahydrate, sodium nitrate, potassium nitrate, europium(I1I)
nitrate pentahydrate or gadolinium(III) nitrate hexahydrate,
or ytterbium(IIl) nitrate pentahydrate) was added and the
mixture was further stirred for 30 min. After gel formation,
aging at 60 °C (24 h), and drying at 120 °C (24 h) in an air
atmosphere prepared bioactive glass powders were calcined
at 625 °C for 4 h using a heating rate of 5 °C/min. Then they
were ground using a planetary ball mill (Fritch Pulverisette
7, Premium Line) for 10 min at 700 rpm using Al,O; balls
for size reduction.

The aqueous Pluronic F-127 (Sigma Aldrich) solution (25
wt%) was prepared using a magnetic stirrer at room tempera-
ture and the prepared polymer solution was kept at+4 °C.
Then, rare-earth ion-containing sol—gel-derived bioactive
glass particles (35 wt%) were mixed with the F-127 solu-
tion to prepare the printing ink for robocasting. For this pur-
pose, the mixture was homogenized using a planetary mixer
(Uni-Cyclone UM-113, Japan) for 5 min at 1000 rpm. The
obtained suspension was well-dispersed and any other dis-
persant such as polyacrylic acid and another type of block-
copolymer [26] that is commonly used in the stabilization
of inorganic particles in the liquid-based system was not
utilized. The disc-shaped, periodic, mesh-like porous scaf-
folds with a diameter of 1 cm were printed at room tem-
perature using a nozzle (diameter 510 um) attached to a dis-
pensing syringe [27]. The disc-shaped as well as cylindrical
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constructs, with the pore width between the two-rod centers
(x—y—direction), were adjusted as 1000 um. After casting,
the scaffolds were sintered at 675 °C for 1 h [28].

2.2 Characterizations

Structural characterizations were performed using an X-ray
diffractometer (XRD, Malvern Panalytical brand, Empyrean,
CuKa radiation) and a Fourier transform infrared spectrom-
eter (FTIR, Thermo Nicolet IS20,USA) in the presence of
ATR accessory (wavelength range 525-4000 cm™!). The
morphology of the prepared bioactive glasses was inves-
tigated using SEM (Zeiss, Gemini 500, Germany), and an
optical microscope (Zeiss, Germany). The surface of the
glass samples was sputter-coated by Au/Pd before SEM anal-
ysis. The particle size of the glass powders was measured
using a Malvern Mastersizer 3000 particle size analyzer.
The BET surface area of the synthesized glass particles
was measured based on N, adsorption using Micromeritics
Gemini VII 2390. Viscosity and the shear stress of the pre-
pared printing inks containing bare bioactive glass powders
(35wt%) and the aqueous Pluronic F-127 hydrogel (25 wt%)
were measured as a function of shear rate using a viscometer
(Thermo Scientific, Viscotester E) by small sample adap-
tor (spindle TR11) at 25 °C. The compressive strength of
the manufactured bioactive glass multi-layered, cylindrical
scaffolds was tested using a mechanical compression test-
ing device (Shimadzu, Japan) with a deformation rate of
0.5 mm/min.

2.2.1 Invitro bioactivity

The conversion of the fabricated bioactive glass scaffolds
into hydroxyapatite was investigated in simulated body
fluid (SBF) at 37 °C under stationary conditions. The
SBF was prepared following the procedure outlined by
Kokubo et al. [29], involving the use of NaCl, NaHCO;,
KCl, K,HPO,.3H,0, Mg(Cl,.6H,0, CaCl,, Na,SO,, and
NH,C(CH,0OH);. The bioactive glass scaffolds were sub-
merged in SBF with an initial pH of 7.4 (1 g of sample
per 500 ml of SBF) and incubated in an incubator for up to
28 days. Subsequently, they were extracted from the SBF,
dried at 60 °C for 24 h, and subjected to analysis. The pres-
ence of hydroxyapatite on the surface of the SBF-treated
samples was evaluated using SEM and FTIR techniques
under previously defined conditions.

2.2.2 Drug delivery
Fluorouracil (5-FU, Sigma Aldrich) was used as the model

drug in the study. For the drug loading experiments, each
scaffold was immersed in 10 ml of drug solution and kept

under dark conditions at 25 °C for 48 h. A UV-Vis spec-
trophotometer (Thermo-Scientific, Evolution 201, USA)
was used to determine the drug concentration and amount
of drug adsorbed onto the glass samples at 266 nm. The
bioactive glass samples were dried at 40 °C for 48 h after
being separated from the drug solution. Samples with known
weight and loaded drug amount were stored in phosphate-
buffered saline solution (PBS, pH 7.4) at 37 °C for drug
release tests. During experiments a 2 ml sample was taken
and replaced with a 2 ml fresh solution until the drug release
plateau was reached. To observe any burst effect, the initial
sample collection was done at tighter intervals. Samples
were taken at specific time intervals (hourly for the first 24 h
and up to 320 h), and absorbance values at 266 nm were
determined using a UV—Vis spectrophotometer.

2.2.3 Invitro cell culture experiments

In the study, human osteosarcoma SaOS-2 cells (ATCC,
HTB-85), and human fibroblast BJ] (ATCC, CRL-2522)
cells were utilized in cell culture experiments. It has been
reported that SaOS-2 cells have epithelial morphology and
were isolated from the bone of an osteosarcoma patient
[30, 31]. On the other hand, BJ fibroblasts are isolated from
human normal skin [32].

In 75 cm? culture dishes, the Sa0S-2 cells were grown in
McCoy’s SA medium (Modified, Sigma-Aldrich) with 10%
fetal bovine serum (FBS, Sigma-Aldrich), 2 mM glutamine
and 1% penicillin—streptomycin (Sigma-Aldrich) at 37 °C
with 5% CO, and 96% humidity. While BJ fibroblast cells
were cultured in DMEM (Sigma-Aldrich) with 10% FBS and
antibiotics (1% Penicillin—Streptomycin, Sigma Aldrich).
When the cells were 70-80% confluent, they were removed
from the flask using a 0.05% trypsin/0.02 EDTA (Gibco,
USA) solution, suspended in growth media, and centrifuged
for 5 min at 1500 rpm. The cells were seeded into well plates
at a density of 5x 10* cells/well after the supernatant had
been removed. In the absence of the bioactive glasses, the
cells in the culture medium were used as the control group.
The cells were incubated for 1, 3, and 7 days by changing the
cell culture medium every 2 days during the experiments.

2.2.3.1 Cytotoxicity To assess cell viability, the MTT assay
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) which is a colorimetric test used to assess cell meta-
bolic activity (Sigma-Aldrich) was performed [33].

Before seeding cells on the bioactive glass in well plates,
samples were sterilized using a high-temperature furnace
(350 °C, 5 h) followed by immersion in 70% ethanol over-
night and exposure to UV light for 1 h. Bioactive glass
scaffolds were immersed in separate wells using a 24-well
plate. Totally 5 x 10* cells were seeded in 100 pl of medium
per well, allowing the cells to distribute within the glass
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samples. For the MTT analysis, the culture medium in each
well of the culture plate was removed at specific time points,
and 600 pl of serum-free culture medium and 60 pl of MTT
solution (2.5 mg/ml in PBS) were added to each well. After
incubating at 37 °C for 4 h, the medium containing MTT
was removed, and dimethyl sulfoxide (DMSO, Sigma-
Aldrich) was added to each well to dissolve the resulting
purple formazan crystals. The absorbance of the obtained
purple-colored solution was measured at 570 nm using a
microplate reader. For each condition, three replicate sam-
ples were examined.

2.2.3.2 ALP activity Alkaline phosphatase activity (ALP)
of the cell-seeded bioactive glass samples was measured
using an Alkaline Phosphatase Activity Fluorometric Assay
Kit (Sigma-Aldrich, MAK411) based on the procedure pro-
vided by the manufacturer. In the kit, ALP splits the phos-
phate group of the non-fluorescent 4-methylumbelliferyl
phosphate disodium salt (4-MUP) substrate arising in a
strong fluorescent signal (Ag, =360 nm and Ag,, =440 nm).
ALP activity of the samples was measured after 1, 3, and
7 days of culture.

2.3 Statistical analysis

The student’s ¢ test or one-way ANOVA followed by Tuk-
ey’s post hoc test was performed. Each experiment was
performed in triplicate and the data were presented as
mean =+ standard deviation. The p value < 0.05 (*) or 0.01
(**) and 0.001 (***) were considered significant.

3 Results and discussion

The structural and morphological properties of the synthe-
sized pristine silicate-based bioactive glass particles are
given in Fig. la—e. FTIR spectrum of the 13-93 glass gel
dried at 120 °C (24 h) and the powder calcined at 625 °C
(4 h) are shown in Fig. 1a, b. In IR spectra, the band in
the range of 980—1100 cm™! is related to the asymmetric
stretching of Si—O-Si, where oxygen atoms move horizon-
tally within the Si—-O-Si plane [34, 35]. The band between
1350 and 1400 cm™! can be attributed to the presence of
NO;™ ions within the glass network and it becomes very
weak for the calcined powder [36]. In addition, the -OH
band shown in the IR spectrum of the dried gel at around
3500 cm™! does not exist in the spectrum of the powder
calcined at 625 °C.

@ Springer

It is seen that the synthesized bare silicate-based bioac-
tive glass powders have a wide particle size distribution.
According to the measurement results made with the par-
ticle size analyzer, it is understood that the ds, particle
size of the bare, SEu’*, 5Gd**, and 5Yb**-substituted sili-
cate glass powders was ~3.30 um, ~2.70 um, ~3.17 um,
and ~3.59 pm, respectively. SEM micrograph of the bare
13-93 bioactive glass powder also shows the presence of
some sub-micron-sized particles. The BET surface area of
the bare 13-93 glass powder was measured to be 2.168 m*/g.

The flow curve of the printing ink containing bare
13-93 bioactive glass powders (35 wt%) and the aqueous
F-127 hydrogel solution is shown in Fig. 2a. An image
of the printing ink before the robocasting process is also
given in Fig. 2b. Accordingly, the bioactive glass disper-
sion showed a shear thinning behavior which is a require-
ment for a successful printing operation. In addition,
rare-earth element -containing bioactive glass dispersions
demonstrated a similar rheological behavior (results are
not shown).

Optical microscope images of the bare 13-93 bioactive
glass scaffolds fabricated using sol—gel-derived glass parti-
cles and sintered at 675 °C are shown in Fig. 3. Scaffolds
have oriented porous structure having a strut diameter of
approximately 400+ 100 um. The diameter and the height
of the scaffolds were 8 mm and 5 mm, respectively, regard-
less of the rare-earth element type and concentration. The
pore size and the total porosity of the fabricated bioactive
glass scaffolds were around 600 pm and 65-70%, respec-
tively. Figure 4 demonstrates the high-magnification opti-
cal microscope images of the prepared scaffolds containing
Eu’t, Gd**, and Yb* at different concentrations. Results
revealed that the inclusion of the rare-earth elements did
not significantly influence the morphological characteristics
of the scaffolds. Higher strut diameters obtained for some
of the rare-earth element-doped scaffolds may be attributed
to the release of the excess trapped nitrates in the bioactive
glass structures that occurred during the sintering process.
FTIR spectra of the fabricated bioactive glass scaffolds
shown in Fig. 5 indicated the presence of the Si—O vibra-
tion bands. Specifically, the band around ~790 cm™' cor-
responds to symmetric stretching within the Si—O-Si plane,
where oxygen atoms undergo vertical movement. Moreover,
the more pronounced band in the range of 980-1100 cm™'
is related to the asymmetric stretching of Si—O-Si, where
oxygen atoms move horizontally within the Si—O-Si plane
[34, 35]. The weaker band between 1350 and 1400 cm™! can
be attributed to the presence of NO;™ ions within the glass
network [36].
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0.5 Gd**

0.5 Yb%*

Fig.4 Optical microscope images of a Eu**, b Gd**, and ¢ Yb**-containing bioactive glass scaffolds. Scale bar: 500 um

It has been reported that by adding REEs to the silicate
glass network different properties such as hardness, elastic
modulus, and corrosion resistance can be greatly improved
since the REE cations have higher field strength than con-
ventional network modifier cations [37-39].

In the current study, the influence of the high field
strength of REE ions on the stretching vibration of the
Si—0O-Si bond may be the reason that the absorption peak
(located at~920 cm™") moves to a higher wavenumber.
The broadening of the absorption band indicates that the Q,,
(where Q refers to the degree of polymerization of the glass,
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and n refers to the number of bridging oxygen) structural
unit in the glass network is increased [38].

Based on the XRD patterns given in Fig. 5d, all of the
bioactive glass scaffolds fabricated in the study were amor-
phous after sintering at 675 °C. A decrease in the intensity
of the band located at ~920 cm™! was obtained as the
rare-earth element concentration in the glass network was
increased, since during particle synthesis, REE substitu-
tion was performed for SiO,.

Results of the mechanical tests showed that the com-
pressive strength of the bare 13-93 bioactive glass scaf-
folds (8 mm diameter and 10 mm height) fabricated
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using sol-gel-derived bioactive glass powders was
10.2+ 1.03 MPa. The inclusion of Eu** and Gd** at 5% did
not cause a significant change in the mechanical properties.
A slightly higher compressive strength (13.6 +0.9 MPa)
was obtained in the case of 5% Yb"-doped bioactive

glass scaffolds (see Fig. 6). The increase obtained in the
mechanical properties of the Yb>*-doped bioactive glass
scaffolds may be attributed to the role of the Yb** ions
as a network modifier in the silica glass network and the
decrease in the number of the non-bridging oxygens. In
general, the compressive strength of the scaffolds was suf-
ficient to use in the repair of trabecular bone defects [40].

FTIR spectra of the fabricated bioactive glass scaffolds
after immersion in simulated body fluid for 7, 14, and
28 days are shown in Fig. 7. In the spectra of all of the glass
scaffolds containing Eu**, Gd**, and Yb** treated in SBF
starting from 7 days, a broad band near 1035 cm™! and dou-
blet peaks at 603 cm™! and 556 cm™! have been observed.
The ~ 1035 cm™! band corresponds to the v; bending mode of
PO43‘, while the minor peak at 961 cm™! is attributed to the
v, mode of PO,*~, and the peaks at~556 cm™! and 603 cm™!
signify the v, P-O bending of PO,*", indicating the presence
of orthophosphate lattices [41, 42]. Peaks at ~1390 cm™!
and~881 cm™! are due to the asymmetric stretching (v3)
and out-of-plane bending (v,) vibrations, respectively, sug-
gesting the formation of carbonates on the glass surface.
The v, stretching modes of CO32_ are represented by the
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Fig. 7 FTIR spectra of a Eu**, b Gd**, and ¢ Yb**-containing bioactive glass scaffolds immersed in SBF for 7, 14 and 28 days

peak at~ 1480 cm™! [43]. Results also showed that as the
immersion time in SBF increased an increase in band inten-
sities was recorded. The highest intensities for the peaks
at~556 cm™! and 603 cm™! representing the crystalline HA
formation were obtained in samples treated in simulated
body fluid for 28 days.

SEM micrographs given in Fig. 8 also demonstrate the
deposition of another material having plate-like morphology
on the surface of the glass scaffolds after being treated in
SBF for 7, 14, and 28 days. The morphology of this second-
phase material was well-matched with the hydroxyapatite
[44]. SEM micrographs revealed that after immersion in
simulated body fluid for 28 days some clusters of HA formed
on the surface. The size of the HA crystals grew with the
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increase in immersion time and the formation of a thick HA
layer was detected (see inset plot-crack occurred in HA layer
due to increased thickness).

Figure 9 depicts the fluorouracil adsorption percentages
of the fabricated bioactive scaffolds that were kept in drug
solution for 48 h in a dark environment. Accordingly, the
total drug adsorption amount of the scaffolds was in the
range of 25-30%. Results of the release experiments showed
that the cumulative 5-FU release amount into PBS at pH
7.4 was between 20% and 25% after 300 h (Fig. 10). In the
study drug release kinetics were studied using zero order,
first order, and Higuchi kinetic models [45]. Results of the
drug release kinetic studies showed that 5-FU delivery from
the fabricated bioactive glass scaffolds was best fitted by
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the Higuchi kinetic model. Figure 11 demonstrates the drug
release data fitted with the Higuchi model. The coefficient
of regression values was in the range of 0.82-0.95 based
on this model. Kinetic model parameters of three models
calculated for all of the glass compositions prepared in the
study are given in Table 1.

In vitro biocompatibility of the fabricated bioactive glass
scaffolds were investigated using the MTT assay and the
ALP activity tests. Figure 12 demonstrates the BJ human
fibroblast cell viability percentages and their ALP activi-
ties after culturing for 1, 3, and 7 days in the presence of
bioactive glass scaffolds containing trivalent REE ions at
different concentrations. Accordingly, cell viability percent-
ages were higher than 80% for all of the samples studied
after culturing 1 and 3 days. A decrease was obtained at the
highest REE concentration after 7 days of culture. It has

been known that there is a close relation between cytotoxic-
ity and reactive oxygen species (ROS) generation capacity.
Therefore, in the current study, in vitro cytotoxicity observed
for some conditions may be related to the generation of reac-
tive oxygen species as well as oxidative stress produced by
the bioactive glass samples [46]. The results of the past
study of Andronescu et al. [18] showed that the viability
of HGF-1 fibroblast was decreased in the Eu*-containing
(10%) hydroxyapatite after 48 h.

Findings of the current study also showed that BJ fibro-
blast cells incubated in the presence of bioactive glass scaf-
folds induced ALP activity. In general, the ALP activity of
REE-containing bioactive glass scaffolds was higher than
the control group samples (bare 13-93) after 1 and 3 days of
culture; however, a decrease in ALP activity was obtained at
5%REE-substituted samples after 7 days which is consistent
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folds

with the MTT test results. Findings also showed that an
increase in ALP activity of the BJ cells was measured as the
culture time increased. ALP activity is generally utilized as
a marker of osteoblast differentiation and it is an enzyme that
byproduct of osteoblast activity; therefore, the high level of
ALP activity designates to new bone formation [47].
Results of the in vitro biocompatibility experiments
(Fig. 13) which were performed using osteosarcoma SaOS-2
cells showed that studied bioactive glass scaffolds did not
cause a cytotoxic response in cells. A slight decrease in cell
viability rates was recorded for the 5% Yb**-containing
glass samples after 7 days of incubation. Similar to the BJ
fibroblast cells, an increase in ALP activity was obtained
for the SaOS-2 cells as the incubation time was extended.
Murray et al. [48] reported that the basal ALP activity of
Sa0S-2 cells was a hundred to thousand times higher than
the other human osteogenic sarcoma cell lines. They con-
cluded that the SaOS-2 cell line is an osteoblastic cell model
that expresses high levels of tissue-unspecific ALP activity.

@ Springer

A past study by Wang et al. [49] indicated that bioactive
glass incorporated into the alginate/gelatin hydrogel system
improved the proliferation and mineralization of bio-printed
osteosarcoma SaOS-2 cells. In the previous studies, SaOS-2
cells have predominantly been employed to assess the bio-
compatibility of three-dimensional 45S5 bioactive glass
scaffolds [50], and mesoporous bioactive glasses [51, 52].
Nonetheless, a past study by Wilkesmann et al. [53] identi-
fied the SaOS-2 as the most susceptible cell line in terms of
cytotoxicity when exposed to 45S5 bioactive glasses com-
pared to the MG-63 cells. Even at relatively low concen-
trations of 0.125 mg/ml, SaOS-2 cell viability plummeted
below 15% on the 3rd and 6% on the 7th day. Therefore,
they concluded that due to the obtained sensitivity of osteo-
blast-like SaOS-2, HOS, and U20S cells to bioactive glass
samples that cause toxicity, they may not be appropriate to
examine the bioactive glasses on osteogenic differentiation
and cell viability [53].
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Table 1 Drug release kinetic model parameters for the RE>*-containing bioactive glass scaffolds

Sample code Zero order First order Higuchi

R? K, R? K, R? Ky
BG 0.870 5.240 0.898 4.552 0.955 1.822
0.5 Eu-BG 0.786 7.057 0.817 4.531 0.919 3.800
1 Eu-BG 0.931 4.498 0.909 4.566 0.887 0.177
3 Eu-BG 0.867 4.873 0.886 4.555 0.956 2.132
5 Eu-BG 0.850 5.744 0.872 4.546 0.952 3.067

R? K, R? K, R? Ky
BG 0.870 5.240 0.898 4.552 0.955 1.822
0.5 Gd-BG 0.831 6.036 0.857 4.543 0.944 2.795
1 Gd-BG 0.835 6.239 0.861 4.450 0.946 2.999
3 Gd-BG 0.814 5.761 0.839 4.545 0.934 2.793
5 Gd-BG 0.808 6.305 0.833 4.540 0.923 3.560

R? K, R? K, R? Ky
BG 0.870 5.240 0.898 4.552 0.955 1.822
0.5 Yb-BG 0.802 6.408 0.830 4.538 0.928 3.260
1 Yb-BG 0.629 8.263 0.657 4517 0.824 5.216
3Yb-BG 0.692 6.567 0.717 4.536 0.868 3.919
5Yb-BG 0.819 6.691 0.846 4.535 0.932 3.682

R coefficient of correlation, K, K;, and K zero order, first order, and Higuchi model rate constants, respectively

Figures 14 and 15 show the optical microscope images
of the BJ fibroblast and the SaOS-2 cells, respectively, incu-
bated for 7 days in the presence of bioactive glass scaffolds
fabricated in the current study. A significant difference was
not observed in BJ cell densities as a function of rare-earth
ion type and concentration; however, a decrease in SaOS-2
cell density was observed for the samples incubated with
the Yb**-doped (especially at high concentration) bioac-
tive glass scaffolds. A previous publication by Zhou and
co-workers [46] demonstrated that the existence of yttrium
oxide nanoparticles caused a size and concentration-depend-
ent cytotoxicity in primary osteoblastic cells (obtained from
mice), and ROS generation may be a damaged pathway for
the toxicological effects.

4 Conclusions

In the study, trivalent rare-earth element (Eu**, Gd**, and
Yb*t) containing (0.5, 1, 3, and 5%) bioactive glass three-
dimensional, disc-shaped macroporous scaffolds were fabri-
cated through layer-by-layer assembly using sol-gel-derived
bioactive glass powders. Structural characterizations showed

@ Springer

that fabricated periodic and mesh-like scaffolds were amor-
phous after sintering performed at 675 °C. In vitro bioac-
tivity experiments revealed that all of the glass scaffolds
fabricated in the study were bioactive and HA formation
occurred after immersion in simulated body fluid starting
from 7 days. An anticancer agent, 5-FU, adsorption onto the
glass surface, and the release at pH 7.4 to the PBS medium
was in the range of 25-30% and 20-25%, respectively. A
burst drug release was subsequently followed by a sustained
fluorouracil delivery behavior was obtained and the release
data was best fitted with the Higuchi kinetic model. The
cytotoxicity and ALP experiments showed that human skin
fibroblast cells did not show any toxic response (except for
samples containing REE at the highest concentration) to the
studied scaffolds for up to 7 days and they induced ALP
activity. Similarly, prepared glass samples, in general, did
not cause a decrease in viability percentages of the human
osteosarcoma SaOS-2 cells. An increase in ALP activity of
the cells was recorded as the incubation time was increased.
It was concluded that prepared periodic assemblies made
from specific trivalent REE-containing silicate-based bioac-
tive glasses have the potential to be used in cancer therapy.
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Fig. 14 Optical microscope images of the B fibroblast cells incubated in the presence of a Eu**, b Gd**, and ¢ Yb**-containing bioactive glass
scaffolds for 7 days
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(¢) 0.5Yb%

Fig. 15 Optical microscope images of the SaOS-2 cells incubated in the presence of a Eu**, b Gd**, and ¢ Yb**-containing bioactive glass scaf-
folds for 7 days
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