Journal of Inorganic and Organometallic Polymers and Materials (2022) 32:3797-3812
https://doi.org/10.1007/510904-022-02373-2

=

Check for
updates

Evaluation of In Vitro Bioactivity, Cytotoxicity, and Drug Release
Behavior of Er,0; and Tb,05-Containing Bioactive Glass Particles
and Nanofibers

Begiim Rahman’ - Aylin M. Deliormanl' - Harika Atmaca?

Received: 10 March 2022 / Accepted: 6 May 2022 / Published online: 6 June 2022
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract

Silicate-based bioactive glasses doped with Er’* and Tb** ions (1, 3, and 5 wt%) were synthesized in the form of powders and
nanofibers using sol—gel and electrospinning methods, respectively. In vitro bioactivity of the prepared powders and fibers
was analyzed in simulated body fluid (SBF) for various periods, and the biological response of the osteoblastic MC3T3-El
cells to the bioactive glass samples was studied using MTT assay and microscopic observations. The amoxicillin release
behavior of the prepared glasses was examined in phosphate-buffered saline as a function of time. The results revealed that
the incorporation of Er** and Tb>* improved the hydroxyapatite forming ability of the prepared bioactive glass samples for
up to 30 d of immersion in SBF. In vitro cytotoxicity experiments showed that Tb**-containing glass samples were biocom-
patible at all concentrations; however, in the case of Er**-containing glass particle-based samples, a decrease in cell viability
was observed starting from 3 wt% Er**. SEM observations revealed cellular adhesion and spreading on the bioactive glass
scaffolds. Drug delivery experiments demonstrated that after 24 h, ~ 35 to 38% of the drug was released into the medium
for both bioactive glass powder and nanofiber-based samples. Bioactive glasses synthesized in the study have the potential

to be used in bone tissue engineering applications.
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1 Introduction

A special group of biomaterials used in tissue engineering
applications with high specific biological activity when in
contact with physiological fluids is bioactive glasses [1].
They are promising materials for tissue engineering, drug
delivery, and dental applications owing to their high biocom-
patibility, bioactivity, and osteoconductivity [1-3]. Crystal-
line hydroxyapatite (HA) or amorphous calcium phosphate
layer, which is chemically similar to the components con-
stituting the bone tissue, is formed when the bioactive glass
comes into contact with physiological fluids. Bioactive
glasses can integrate with both hard and soft tissues [4—6].
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It is known that therapeutic elements are added to the
composition of biomaterials to modify or improve their
physical and biological properties such as bioactivity and
cellular response [7, 8]. For example, rare-earth elements
are added to biomaterials to provide photoluminescence
properties for bio-imaging applications [9]. Novel glass
compositions substituted with different rare-earth ele-
ments have been studied by various research groups pre-
viously [10-14]. Erbium (Er) is a rare earth element that
is naturally present in a rib bone of a healthy human and
can be utilized for biomedical applications [15]. Erbium-
based lasers have been used in medical and dental practice
[16]. Li et al. [17] synthesized bioactive glasses doped with
Er**/Yb>* having luminescence properties. It has been also
reported that Er**/Yb3* doped bioactive glasses are non-
toxic and biocompatible with MC3T3-E1 cells. Previously,
Pham et al. [18] investigated the light radiation from Er**
doped hydroxyapatite/p-tricalcium phosphate (HA/B-TCP)
composites. The formation of Er**-containing HA/B-TCP
samples emerged a considerably enhanced light emission at
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~ 1540 nm, which has a potential for bio-medicinal usage
[18].

Another rare earth element that is used in biomedical
applications is terbium (Tb). A radioisotope Tb-149 has been
used in targeted cancer therapy [19]. Previously, it has been
reported that biomaterials doped with low concentrations of
Tb>* can significantly increase the luminescence properties
while maintaining the main physicochemical and biological
activity [20, 21]. The potential biomedical applications of
Tb>*-doped hydroxyapatites were investigated in the past
and in vitro cytocompatibility with MC3T3-E1 and A549
cells have been documented [22]. Wang et al. [23] used the
sol-gel method to synthesize nanoparticles of mesoporous
bioactive glass doped with Tb>* (Tb>* /MBG). The in vitro
bioactivity studies of the produced Tb**/ MBG, kept in SBF
for 3 days, showed that the inclusion of Tb3* ions improved
the ability of hydroxyapatite formation.

Deliormanli and colleagues [24] have investigated the
structural and photoluminescence properties of Er** and
Th>*-doped silicate-based 13-93 bioactive glasses in the
form of particles and nanofibers. The findings of the study
revealed that dopant concentration and sample morphol-
ogy have a substantial impact on the photoluminescence
and HA conversion capabilities of the related bioactive
glasses. 13-93 bioactive glasses comprising Er** and Tb**
have been reported to have the potential to be used in tis-
sue engineering and bio-imaging studies as well as for the
development of ionization radiation shielding materials [24,
25]. However, the manufactured bioactive glasses' detailed
in vitro bioactivity in SBF, cytotoxicity, and drug release
behavior have yet to be investigated. Therefore, this study
aims to examine the in vitro HA forming ability of Er** and
Tb**-doped 13-93 bioactive glasses and evaluate their cyto-
toxicity using the osteoblastic MC3T3-El cell line and the
drug release behavior using a well-known antibiotic utilized
in the treatment of bone infections.

2 Experimental Studies
2.1 Powder Synthesis

The sol-gel process was used to synthesize Er’* and
Tb>*-containing 13-93 bioactive glass particles. Table 1
shows the chemical composition (in weight percent) of the
bioactive glasses examined. The method used in sol-gel
synthesis has been described elsewhere [24, 25]. For the
particle synthesis, a specific amount of TEOS (Sigma-
Aldrich, Germany) was added to a 0.3 M HNOj solution at
25 °C and agitated for 60 min to allow for hydrolysis. Then,
in a 15-min interval, the other ingredients [(C,H50);PO,
Ca(NO;), 4 H,0, Mg(NO;),'6H,0, NaNO;, KNO; (all
from Sigma-Aldrich, Germany)] were added, and the com-
plete solution was stirred for another 30 min. In addition,
for the synthesis of the rare-earth element-doped samples,
13-93 glass solutions contained specified concentrations of
Er(NOj3);.5H,0 and/or Tb(NO;);.5H,0 (at 1, 3, or 5 wt%).
The final transparent solution was agitated overnight, and the
resulting glass solution was kept at 25 °C in a closed bottle
for gel formation. The gel network was aged at 60 °C for
48 h after 5 days of gelation before being dried at 120 °C for
24 h. A heat treatment at 625 °C for 4 h at a heating rate of
5 °C/min was used to remove the organic components and
nitrates. The calcined particles were reduced in size using
a high-speed planetary micro mill (Fritch, Pulverisette 7,
Premium Line, Germany) rotating at 700 rpm for 10 min.

2.2 Nanofiber Synthesis by Electrospinning

The electrospinning method was used to prepare Er** and
Tb>*-containing 13-93 bioactive glass nanofibers. The
fabrication procedure for the glass fibers was previously
described in detail [24, 26]. After preparing the bioactive
glass solution as described above, an aqueous poly (vinyl

Table 1 Composition (wt%) of

the bioactive glass formulations Sample Si0, Ca0 Na,0 K,0 MgO P,05 Er,0; Tb,0,
studied 1393 (BG) 53 20 6 12 5 4 - )
1Er-BG 52 20 6 12 5 4 1 -
3Er-BG 50 20 6 12 5 4 3 -
SEr-BG 48 20 6 12 5 4 5 -
1 Tb-BG 52 20 6 12 5 4 - 1
3 Tb-BG 50 20 6 12 5 4 - 3
5 Tb-BG 48 20 6 12 5 4 - 5
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alcohol) (PVA, Alfa Aesar, 87-89% hydrolyzed, high molec-
ular weight) solution (10 vol.%) was added to the glass (at a
1:1 ratio). Before the electrospinning procedure, the result-
ing solution was agitated for 3 h at 25 °C for homogeniza-
tion. Electrospinning equipment (NE-300, Inovenso, TR)
was utilized to fabricate erbium and terbium-containing
glass nanofibers. A syringe pump was used to deliver the
bioactive glass-PVA solution at a rate of 0.5 mL/h into a
stainless steel nozzle with a diameter of 0.8 mm. As the
target collector, a stainless steel rotating cylinder was used.
The electrospinning experiments were carried out with a
distance of 8 cm between the nozzle and the collector. A
20 kV voltage was applied to the electrospinning solution
to form a Taylor cone at the tip of the spinneret. The electro-
spun fibers were dried for 48 h at 25 °C, then treated for 4 h
at 250 °C (heating rate 1 °C/min) and 4 h at 625 °C (heating
rate 5 °C/min).

2.3 Scaffold Preparation

In the study to prepare the disc-shaped bioactive glass scaf-
folds, synthesized bioactive glass powders and the nanofib-
ers were filled in the disc shape of alumina molds and the
molds were put directly in a furnace operating at 690 °C for
1 h. At the end of one hour samples were immediately taken
out of the furnace and cooled down to the room temperature
before removing from the mold. Fabricated, glass scaffolds
were utilized in cell culture and drug release experiments.

2.4 Characterizations

A scanning electron microscope (SEM, Zeiss, Gemini 500)
was used to investigate the morphology of the fabricated bio-
active glass powders and nanofibers. A particle size analyzer
(Malvern, Mastersizer 3000, UK) was used to determine
the particle size of the bioactive glass powders. Average
fiber diameter was obtained from the SEM images of the
samples by measuring the diameter of the approximately 40
fibers randomly. Phase analysis of the manufactured bioac-
tive glass samples was made using an X-ray diffractometer
(Malvern Panalytical, UK) using Cu Ko radiation at a scan-
ning rate of 0.01°/min in the range of 10-90°.

Additionally, an optical microscope (Nikon Eclipse LV
100) was utilized to observe the morphology of the pre-
pared particle and nanofiber-based bioactive glass disc-
shaped scaffolds. The porosity of the glass scaffolds under
investigation was obtained based on the Archimedes method
which allowed the measurement of total and interconnected
porosity. Measurements were performed using ethanol as
the bouncy liquid. Total porosity was calculated based on
Eq. (1) [27]:

(W, =W, = Wy)
_—xl

(W, —w;)

where w, is considered the weight of the bottle filled with
ethanol; w, represents the weight of the bottle filled with
ethanol after immersion of the scaffold; w; is the weight of
the bottle filled with ethanol after removal of the scaffold,
and; ws is the weight of the dry weight of the scaffold.

P(%) = 00 ey

2.4.1 InVitro Bioactivity

In simulated body fluid (SBF) at 37 °C under static condi-
tions, the ability of the produced bioactive glasses in the
form of particles and nanofiber to deposit hydroxyapatite
was investigated. SBF was prepared according to the meth-
odology described by Kokubo et al. [28]. Bioactive glass
samples were immersed in SBF with an initial pH of 7.4
(1 gr sample per 500 mL SBF) and stored in an incubator
for 7, 14, and 30 days. Then, samples were removed from
SBF, rinsed, and dried for at least 48 h at 60 °C before being
characterized. SEM and FTIR-ATR Spectrometer (Thermo-
Scientific, Nicolet IS20, USA) were used to assess the con-
version to HA of the SBF-treated bioactive glass samples.

2.4.2 Cell Culture Studies

2.4.2.1 MTT Assay In the study, MTT (3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyl-tetrazolium bromide) technique was
used to examine the sample’s cytotoxicity using osteoblas-
tic MC3T3-E1 Subclone 4 cells (ATCC, CRL-2593 USA).
Alpha-MEM with L-glutamine containing 10% FBS and
100 U/mL penicillin—100 mg/mL streptomycin was used
to grow the osteoblastic MC3T3-E1 cells. Before cell cul-
ture studies, dry heat sterilization at 350 °C was applied to
the scaffolds. Then scaffolds were submerged in anhydrous
ethyl alcohol overnight and UV-sterilized for 2 h. In 24-well
plates, 5.10* cells were seeded onto each scaffold in 100 uL
of culture media. They were cultured for 72 h at 37 °C in
a 5% CO, incubator. After that, MTT solution was added
to each well, and the cells were cultured for another 4 h.
The growth media was then withdrawn, and the produced
formazan crystals were dissolved with dimethyl sulfoxide
(DMSO, Sigma-Aldrich, Germany). A UV-spectrophotom-
eter (Thermo-Scientific, Evolution 201, USA) was used to
measure the amount of formazan at a wavelength of 570 nm.

2.4.2.2 Cell Morphology Morphology of the cells dur-
ing cell culture studies was investigated using an inverted
phase-contrast microscope (Olympus IX53, Japan). Addi-
tionally, the morphology of the cells seeded onto the scaf-
folds was analyzed using SEM. For this purpose, scaffolds
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with attached cells were rinsed three times with PBS, fixed
with 2.5% glutaraldehyde solution, and maintained in PBS
at 4 °C overnight after 72 h of incubation. The scaffolds
were then rinsed three times with PBS and dehydrated for
15 min in a graded series of ethyl alcohol solutions (gradu-
ally 50% to 100%) before being dried in hexamethyldisila-
zane (HMDS, Sigma Aldrich, Germany) for 10 min. Then
samples were coated with gold/palladium and analyzed
using SEM.

2.4.3 Drug Release Experiments

In the study, amoxicillin trihydrate (C1,H,(N;05S-3H,0,
Sigma-Aldrich, Germany), one of the broad-spectrum anti-
biotics used in the treatment of osteomyelitis, which has a
bactericidal effect against gram-positive and gram-negative
microorganisms, was used as a drug model. As with other
penicillin antibiotics, amoxicillin trihydrate has a bacteri-
cidal effect by inhibiting bacterial cell wall synthesis [29,
30].

For the drug loading studies, an automatic micropipette
was utilized to transfer a drug solution (1 mg/mL) to the
surface of the disc-shaped bioactive glass scaffolds. Drug-
loaded scaffolds were dried for 24 h at room temperature.
They were then immersed in a 5 mL phosphate buffer saline
(PBS) solution with a pH of 7.4 as a starting point. A 2 ml
sample was obtained from the release medium at defined
time intervals for the release investigations, and the drug
concentration was measured using a UV—Vis Spectrom-
eter (Thermo-Scientific, Evolution 201, USA) @ 272 nm.
After each measurement, 2 mL of fresh PBS was added to
the release medium. The cumulative amoxicillin trihydrate
release percentage from the scaffolds to the PBS medium
was calculated using the drug's calibration curve. At room
temperature, the experiments were conducted with at least
three different measurements for each condition.

In the study, drug release kinetics was investigated using
zero-order, first-order, and Higuchi kinetic models [31, 32].
The zero-order kinetic model is shown by Eq. (2):

Ct = CO + KO.t (2)

where C, is the concentration of drug release in time t, C,
is the initial concentration of the drug, and the K, is a zero-
order constant. For zero-order kinetics, the release of a drug
is only a function of time and the process takes place at a
constant rate independent of the drug concentration [31].
The first-order kinetic model is represented by Eq. (3):

Kt

l()ng = logQO + m

3
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where Q) is the amount of drug released on time t, Qy is
the initial amount of drug dissolved, K is the first-order
constant. Based on this model, the amount of drug released
from a porous matrix is proportional to the amount of drug
remaining in the matrix. As a result, the amount of active
agents released decreases with time [31, 32].

On the other hand, the Higuchi model is shown by
Eq. (4), where Ky is the release constant [31]:

0 =Ky\/t 4)

2.4.4 Statistical Analysis

The statistical analyses for the MTT test results were made
with Graph Pad Prism 5. Results were analyzed by using
one-way ANOVA. Values with p<0.05 (*), p<0.01 (¥%),
were considered statistically significant.

3 Results and Discussion
3.1 Structural and Morphological Properties

SEM micrographs of the bare and XRD patterns of the rare-
earth ion-containing 13-93 bioactive glasses in the form of
sol-gel-derived particle and electrospun nanofiber are shown
in Fig. 1. After size reduction, the median particle size of the
bare bioactive glass powders was measured to be ~3.0 pm.
The median particle size of the bioactive glasses containing
rare-earth ions at different concentration was approximately
the same. On the other hand, based on SEM micrographs,
the average fiber diameter of 13-93 glass was determined to
be 490 + 35 nm. Similarly, the 5% Er** and 5% Tb**-doped
bioactive glass samples had fiber diameters of 650 + 180 nm
and 290 + 89 nm, respectively (Fig. 2).

XRD analysis results given in Fig. Ic¢ and d demonstrated
all of the bioactive glass samples prepared in the study have
an amorphous structure. The introduction of the rare earth
dopant even at the highest concentration did not cause crys-
tallization in the glass structure. Figure 2 depicts the forma-
tion of continuous fibrous bare and the rare earth element
doped glass network. The inclusion of the erbium and ter-
bium (IIT) was not detrimental to the electrospinning process
and nanofiber formation.

3.2 InVitro Bioactivity

In the study, the HA formation ability of the studied glasses
was investigated in SBF under static conditions. Fig-
ure 3, shows the FTIR spectra of the SBF-treated powders
after 7 and 14 days of treatment. In the spectra, the band
at 1032 cm™! is corresponding to symmetric stretching
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Fig.1 SEM micrographs of

the prepared pristine bioactive
glass: a particles, b nanofibers;
XRD patterns of the Er** and
Tb**-containing bioactive glass:
¢ particles, d nanofibers
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Fig.2 SEM micrographs of the bioactive glass nanofibers prepared in the study: a 1%Er**, b 3%Er*", ¢ 5%Er’*, d 1%Tb>", e 3%Tb*, £ 5%Tb>*

vibration, v, of PO43‘. The peaks at 603 cm~! and 564 cm™!
were assigned to the v, bending vibration of PO,*" [33].
Similarly, the sharp peak observed at ~460 cm™! may be
due to the v, vibration of the PO,*~ group [34]. Results
revealed that starting from 7 days of treatment in SBF cal-
cium phosphate-based material formation occurred on the
surface of glass samples. Based on the FTIR analysis results
in all of the studied bioactive glass powders treated in SBF

for 14 days, HA formation (represented by the peaks at
603 cm™" and 564 cm™!) was obtained. The introduction of
the rare-earth dopants to the glass structure did not cause
a decrease in the bioactivity of the 13-93 glass. Similarly,
SEM micrographs shown in Fig. 4 and Fig. 5, clearly verify
the formation of a second phase material on the surface
of the bioactive glass powders treated in SBF for 30 days.
The morphology of the converted material, cauliflower-like
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Fig. 3 FTIR spectra of the Er** @) (b)
and Tb**-containing bioactive
glass powders treated in SBF = 5%Er*" = -
for a, b 7 days; ¢, d 14 days S S 5%Tb
® . ®
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Fig.4 SEM micrographs of the
bioactive glass powders treated
in SBF for 30 days: a bare, b
1%Er™, ¢ 3%Er’t, d S%Er*

calcium phosphate agglomerates, confirm the HA deposi-
tion [35].

Based on the previous study of Alshemary et al.[36]
in vitro bioactivity experiments performed for Er**-doped
hydroxyapatite in SBF revealed the production of an apa-
tite layer with a (Ca+ Er)/P ratio in the range of 1.59-1.72.
Similarly, Wang et al. [23] investigated the in vitro HA
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Wavenumber (1/cm)

formation of sol—gel-derived Tb**-containing mesoporous
bioactive glass nanospheres. Results indicated that the
incorporation of Tb3* jons in the glass nanospheres
improved the hydroxyapatite formation ability.

The FTIR-ATR spectra of the synthesized bioactive glass
nanofibers after treatment in SBF for 7 and 14 days are given
in Fig. 6. Accordingly, calcium phosphate-based material
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Fig.5 SEM micrographs of the
bioactive glass powders treated
in SBF for 30 days: a 1%Tb**, b
3%Tb**, ¢ 5%Tb**

Fig.6 FTIR spectra of the Er’* (a) (b)
and Tb**-containing electro- ] 5%Tb>
spun blgactlve glass nanofibers 5 - 5
treated in SBF for a, b 7 days; c, oo S
o 34+
d 14 days o 3%ER 8 3%Tb
& 3
2 1%Er> X! 1%Tb%
I} e} 2
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formation was observed for all of the studied nanofibers after
14 days of immersion. However, the intensity of the band
at~1050 cm™! was low compared to the results of the bio-
active glass particle-based samples treated under the same
conditions. After 7 days of immersion in SBF few samples,
including the pristine 13-93 glass fibers, were converted to
the calcium phosphate-based material. SEM micrographs of

Wavenumber (1/cm)

the bioactive glass nanofibers immersed in SBF for 30 days
also support the FTIR analysis results (Fig. 7). Interestingly,
although individual bioactive glass fibers have a high aspect
ratio (that is, length/diameter) they gained lower bioactivity
compared to the particle-based glass samples. Previously Li
et al. [37] reported that by the use of the nanofibers the bio-
compatibility and bioactivity of materials can be improved.
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The high aspect ratio, as well as the surface area of nanofib-
ers, enable them to concentrate specified proteins on the
surface to stimulate cell attachment and growth [37]. In the
current study, the difference obtained in the bioactivity of
the bioactive glass samples having spherical or fibrous mor-
phology is presumably due to the difference in their surface
area which directly influences their degradation rates in SBF.
In bioactivity studies, sol-derived glass particles have been
immersed in SBF after grinding which creates a higher total
surface area however electrospun glass fibers were in the
form of two-dimensional sheets when they were immersed
in SBF.

3.3 Cytotoxicity Evaluation

In the study, cell culture experiments and drug release stud-
ies were performed using disc-shaped bioactive glass scaf-
folds prepared using synthesized glass particles and nanofib-
ers. Figure 8 depicts the images of the prepared scaffolds
from optical microscope analysis and their calculated poros-
ity values based on the Archimedes method. Optical micro-
scope images show the existence of a highly porous network
and a rough surface in nanofiber-based bioactive glass scaf-
folds. On the other hand, the surface of the particle-based
glass scaffolds was much smoother with smaller pores. The
total porosity of the nanofiber-based glass scaffolds was cal-
culated to be in the range of 55% to 65% whereas the porosi-
ties of the glass particle-based scaffolds were 15-25% under
the same conditions.

The cytotoxicity of the prepared glass samples containing
different concentrations of rare-earth dopants was examined
by MTT assay using osteoblastic MC3T3-E1 cells. Figure 9
depicts the absorbance values representing the viability rates
of the cells after incubation for 72 h. Accordingly, a decrease
in cell viability was observed for the Er’*-containing glass
particle-based scaffolds starting from the 3 wt%. A further
decrease was obtained in cell viability for the samples con-
taining 5% Er**. On the other hand, any cytotoxicity was
not observed for the glass nanofiber-based glass scaffolds
containing erbium at the same concentrations. Similarly,
terbium-containing glass scaffolds (both glass particle and
nanofiber-based) did not cause any detrimental effect on cell
viability at all concentrations. Since it has been known that
the nanofibrous-based scaffolds or mats have higher bio-
compatibility compared to the particle-based systems due to
their high surface area, it is not surprising to obtain a better
cellular response in the case of Er**-containing nanofibrous-
based glass scaffolds even at high dopant concentrations.

SEM micrographs of the MC3T3-E1 cells seeded (after
72 h) on to the particle and nanofiber-based bioactive glass
scaffolds are shown in Figs. 10 and 11, respectively. Accord-
ingly, in both particle- and the nanofibers-based bioactive
glass samples cells attached and spread well onto the surface
of the scaffolds. The morphology of the osteoblastic cells
was flat, additionally the filopodia attached to the surface
of the scaffold. The strong cell adherence may be due to the
mechanical binding between the scaffold and cell surface
and the filopodia.

Fig.7 SEM micrographs of the electrospun bioactive glass nanofibers treated in SBF for 30 days: a 1%Er**, b 3%Er**, ¢ S%Er*", d 1%Tb**, e

3%Tb>*, £ 5%Tb>*
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Fig.8 Graphs showing the total
porosity values of the bioac-
tive glass: a particle-based, b
nanofiber-based scaffolds; opti-
cal microscope images of the
bare 13-93 glass ¢, d particle-
based and e, f nanofiber-based
scaffolds

Fig.9 Graphs showing the
MTT assay results for Er** and
Tb**-containing bioactive glass
scaffolds fabricated using a, b
particles; ¢, d nanofibers
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Fig. 10 SEM micrographs of
the MC3T3-El cells seeded
onto the a bare, b 1%Er’t, ¢
3%Ert, d 5%Er3+-contajning
glass particle-based scaffolds
after 72 h incubation

Fig. 11 SEM micrographs of the MC3T3-El cells seeded onto the a 1%Tb>", b 3%Tb**, ¢ 5%Tb**-containing glass particle, d 5%Er’" and e

5%Tb>*-containing glass nanofiber-based scaffolds after 72 h incubation

Optical microscope images of the MC3T3-E1 cells cul-
tured for 72 h in the presence of fabricated glass particle
and the nanofiber-based scaffolds are given in Figs. 12 and
13, respectively. A significant difference was not observed
in the cell morphology depending on the rare-earth ele-
ment type. However, cells cultured in the presence of Er**
and Tb**-containing glass scaffolds spread better, achieved
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higher confluency, and started to form a monolayer in cul-
ture dishes compared to the cells culture with pristine glass
scaffolds. In general, MC3T3-El1 cells exhibited a partially
rounded form and also displayed a polygonal morphology
with extended cytoplasm on the 3™ day of culture with the
glass scaffolds.
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() 4%Er

(g) 5%Tb

Fig. 12 Optical microscope images of the MC3T3-El cells cultured with the a bare, b 1%Er**, ¢ 3%Er**, d 5%Er*t, e 1%Tb*", f 3%Tb>*, g
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Fig. 13 Optical microscope images of the MC3T3-El cells cultured with the a bare, b 1%Er**, ¢ 3%Er**, d 5%Er*t, e 1%Tb*", £ 3%Tb>*, g
5%Tb>*-containing glass nanofiber-based scaffolds for 72 h. Magnification: X100

There are very limited studies in the literature regarding
the biological properties of erbium-containing biomateri-
als. Wu et al. [38] studied the piezoelectric and biological
characteristics of Er**-doped barium titanate/hydroxyapatite
(BT/HA) composites. The addition of Er** to BT/HA pro-
moted osteoblast proliferation more than the lack of erbium
ions [38]. Low Er’* concentrations have been shown to
stimulate cell protein synthesis and increase mitochondrial
succinate dehydrogenase activity, both of which increase cell
proliferation. Er** can not only occupy the Ca** site but
also substitute bound calcium to enhance intracellular Ca>*
levels because Er** and Ca®* share many properties and

structures. It is well understood that during cell proliferation,
an increase in Ca>* content in the cytosol is required. As a
result, Er** can help cells proliferate by allowing extracel-
lular Ca** to enter the cell [38, 39].

Wei et al. [21] performed experiments on the response
of osteoblastic MC3T3-E1 cells on terbium-doped HA
nanorods at different concentrations namely 25, 50, and
100 pg/mL. Based on the cell viability experiments, the
optical density (representing the number of living cells)
increased with the increase in incubation time, indicat-
ing that terbium-doped HA had no significant cell toxic-
ity at given concentrations. This result, suggests the high

@ Springer
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Fig. 14 Standard calibration curve obtained for the amoxicillin solu-
tions and the chemical structure of the drug molecule

biocompatibility of terbium-containing biomaterials in intra-
cellular cytoplasm.

3.4 Drug Release Behavior

In the current study, amoxicillin was chosen as the drug
model to perform drug release experiments in PBS up to
220 h. The amoxicillin concentration was calculated from a
standard calibration curve that obeys the Beer-Lambert law.
For this purpose, a series of amoxicillin solutions in PBS
with known concentrations were prepared and the optical

density was recorded by a UV-spectrometer. Figure 14
shows the obtained calibration curve for the drug solution
and the chemical structure of the amoxicillin trihydrate.

Figure 15 demonstrates the cumulative drug release
percentages from bare and rare-earth element-containing
particle and the nanofiber-based bioactive glass scaffolds
as a function of time. Accordingly, the drug release amount
from the particle-based glass scaffolds containing Er**
was in the range of 33.5% to 38% in the first 24 h. At the
end of 220 h, release amounts reached 92.5% to 96.2%.
Similar drug release percentages were obtained for the
Tb>*-containing glass particle-based scaffolds for the first
24 h and the 220 h. On the other hand, after 220 h cumula-
tive drug release percentages from the Er** or Tb>* contain-
ing glass fiber-based scaffolds were in the range of 79% to
85%. In general, a decrease in cumulative drug release was
observed by the increase in rare-earth ion concentration.
Results also revealed that initially a burst release behavior
(about 20% in the first 10 h) was followed by a sustained
drug release behavior from all of the bioactive glass scaf-
folds tested in the study. It has been shown that about 50%
of the drug remained in the scaffolds after 48 h and this
may be beneficial for the inhibition of the bacterial growth
for longer times. Results indicated that the sustained drug
release behavior observed in the study may be suitable for
the treatment of bone infections. On the other hand, the burst
release behavior observed in the first period may be useful
for the first days of implantation in a bone defect, when there
is a high risk of inflammatory response and infection.
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In the study, observed burst release behavior may be
attributed to the physical adsorption of the drug molecules
and the glass surface. It is also important to note that,
due to the presence of hydroxide (OH) groups, bioactive
glasses gain a net negative surface charge [40]. This may
be considered as difficulty in loading negatively charged
amoxicillin to the glass surface. Meanwhile, amoxicillin
is a water-soluble drug, and synthesized bioactive glasses
have high hydrophilicity therefore the drug solution can
easily reside in the free space of pores of fabricated glass
scaffolds, which may increase the drug loading. Addi-
tionally, amoxicillin molecules contain hydroxyl groups
(—OH) that may interact with silanols (Si—~OH) and the
P-OH groups on the surface of the bioactive glass samples
through hydrogen bonding.

Previously, Bakhsheshi-Rad et al. [41] investigated
the fabrication of bredigite—amoxicillin scaffolds for
bone tissue engineering. Results revealed an initial burst
release of amoxicillin (20%) in the first 8 h followed by
a sustained release behavior up to 80 h. Similarly, Zheng
et al. [42] reported the preparation of amoxicillin-loaded
hydroxyapatite/poly(lactic-co-glycolic acid) nanofib-
ers. Results showed that the drug was loaded into the
related system by physical adsorption and the composite
nanofibers showed a sustained release profile. Tabia et al.
[43] studied the amoxicillin release from the Mg-doped
mesoporous bioactive glass nanoparticles. An increase
was obtained in the cumulative drug release as the Mg
concentration was increased. Additionally, all of the

release profiles followed first-order release kinetics which
is characteristic of a diffusion process. Amudha et al. [44]
analyzed the amoxicillin release of the mesoporous bioac-
tive glass samples containing strontium ions. In the begin-
ning, the drug release profile of bare and 1%Sr-containing
samples showed burst release. On the other hand, bioac-
tive glass samples containing higher concentrations of
strontium demonstrated sustained drug release (58% and
75%) after 720 h due to their high surface area.

3.5 Drug Release Kinetics

Mathematical models are useful for designing pharmaceuti-
cal formulations and evaluating drug release mechanisms
in vitro and in vivo. They enable the assessment of some
critical physical characteristics (such as the drug diffusion
coefficient) as well as model fitting using experimental
release data. Mathematical analysis of drug release kinetics
adds value by guaranteeing optimal formulation design and
understanding of release mechanisms through experimental
verification. Therefore, the release process an be understood
through a precise combination of experimental observations
and models that allow for the acquisition of the underlying
physics [31, 45].

Tables 2 and 3 show the zero-order, first-order release
kinetics and Higuchi model parameters (kinetic constant,
k, and coefficient of determination, R?) obtained from the
release experiments. In the study, all the release profiles
followed the Higuchi Model (Q = Ky;t'2, where Q is the

Table 2 Kinetic model

o Sample Zero-order First-order Higuchi model

parameters (kinetic constant, k

and coefficient of determination, R? R? K, R? Ky

R?) obtained by applying

different mathematical models BG 0.8869 0.6463 0.9641 0.0112 0.9867 6.8156

on a.moxicillin rfeleas.e profile of 1Er-BG 0.8901 0.6342 0.9646 0.0109 0.9858 6.6729

Pmlclle‘based bioactive glass 3Er-BG 0.8928 0.6528 0.9678 0.0114 0.9871 6.8627

samples

P SEr-BG 0.8812 0.6486 0.9616 0.0113 0.9854 6.8575

1 Tb-BG 0.8759 0.6788 0.9640 0.0124 0.9839 7.1927
3 Tb-BG 0.8765 0.6823 0.9644 0.0124 0.9845 7.2291
5 Tb-BG 0.8732 0.6399 0.9564 0.1110 0.9832 6.7889

Table 3 KinetAic rpodel Sample Zero-order First-order Higuchi model

parameters (kinetic constant, k

and coefficient of determination, R? Ky R? K, R? Ky

R?) obtained by applying

different mathematical models BG 0.8735 0.6924 0.9566 0.0110 0.9831 6.708

on aIT}OXiCiHin relf:ase PrOﬁlG of 1Er-BG 0.8803 0.6415 0.9573 0.0109 0.9851 6.785

“ano?ber'based bioactive glass 35 g 0.8739 0.5844 0.9453 0.0093 0.9841 6.200

samples

P 5Er-BG 0.8994 0.5569 0.9600 0.0087 0.9871 5.834

1 Tb-BG 0.8612 0.6157 0.9415 0.0101 0.9803 6.567
3 Tb-BG 0.8587 0.6098 0.9408 0.0101 0.9794 6.512
5 Tb-BG 0.8829 0.6236 0.9589 0.0105 0.9851 6.589
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Fig. 16 Graph showing the application of Higuchi model on the drug
release profiles of bare 13—93 bioactive glass particle and fiber-based
scaffolds

amount of drug released at time t and kj, is the dissolu-
tion constant) [46, 47]. To analyze the release kinetics a
straight-line was fitted through the data using the linear
regression approach. The slope of the line represents the
release rate constant, K. The quality of fit and how well
the straight-line fits the real dissolution data are revealed
by R2. A high R? value close to unity suggested a good
match to the Higuchi square root of time model, demon-
strating that it could be utilized to characterize the drug
release mechanism of bioactive glass scaffolds under
investigation as diffusion-controlled [48]. According to the
model parameters given in Tables 2 and 3, the presence of
rare-earth ions, as well as the bioactive glass morphology,
have some influence on the drug release rates. Higuchi
release constant values of the glass particle-based samples
are higher than the glass nanofiber-based counterparts.

Figure 16 shows the application of the Higuchi square
root of time model to drug release profiles in bare 13-93
glass samples as an example. Both profiles matched the
model well, as evidenced by strong coefficients of deter-
mination (R?) calculated using linear regression analysis
of sample dissolution data. A previous study by El-Kady
et al. [49] has reported the release kinetics of another anti-
biotic, ciprofloxacin, from bioactive glass nanopowders.
Similarly, the drug release profiles of all samples studied
using Higuchi and Baker-Lonsdale models verified that the
drug was released by a controlled diffusion means. Simi-
larly, in a recent study [50], the release profiles of the van-
comycin from bioactive glass-containing chitosan-based
scaffolds have been expressed by the Higuchi model indi-
cating that the release was mainly a diffusion-controlled
mechanism.

@ Springer

To summarize, findings of the current study indicated
that the fabricated Er** and Tb>*-doped bioactive glasses
can sustain the release of amoxicillin through a diffusion-
based mechanism which may be an advantage in prevent-
ing bone infections, therefore, they have high potential
to be used in bone tissue engineering applications. How-
ever, it is necessary to conduct some in vivo studies to
confirm the effectiveness of those bioactive glasses under
investigation.

4 Conclusions

Erbium and terbium (III)-containing 13-93 bioactive
glasses were prepared in the form of particles and electro-
spun nanofibers. All of the glass samples studied have an
amorphous structure after calcination performed at 625 °C.
In vitro bioactivity experiments which were performed in
SBF showed that synthesized bioactive glass samples have
the ability to form HA on their surface after immersion in
SBF. Particle-based glass samples converted to HA at a
faster rate compared to the nanofiber-based glass samples.
Cell viability experiments performed by MTT assay showed
that Er’™ and Tb>-containing nanofiber-based glass samples
were not cytotoxic to MC3T3-El cells at any dopant concen-
tration however Er** doped particle-based samples caused
a decrease in cell viability at high concentrations. Amoxi-
cillin-loaded bioactive glass scaffolds showed burst release
in the first period due to the sudden release of the drug mol-
ecules adhering to the surface glass. However, about 50%
of the drug remained in the scaffolds after 48 h and this
may be beneficial for the inhibition of the bacterial growth
for longer times. Overall results indicated that the bioactive
glass samples prepared in the study in the form of particle
and nanofibers have high bioactivity in SBF and are biocom-
patible with osteoblastic MC3T3-E1 cells up to 72 h. Addi-
tionally, the sustained antibiotic release behavior observed
in the study may be suitable for the treatment of bone infec-
tions. It was concluded that Er** and Tb>*-containing bioac-
tive glasses prepared in the study have the potential for bone
regeneration, drug delivery, and bio-imaging applications.
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