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earth elements [6–9] or they can be utilized in the fabrica-
tion of bioactive polymer composites [10].

Currently, fluorescent biocompatible nanocrystals are 
known to hold substantial potential as contrasting agents 
for fluorescence imaging. These nanoparticles often display 
multifunctional capabilities, serving as nanoprobes for the 
diagnosis of malignant tumors at early stages and as thera-
peutically active compounds. Recent studies have focused 
on lanthanide-doped fluorescent nanocrystals and glasses 
for high-contrast in vitro and in vivo imaging and therapy 
[6–14].

Among the rare earth ions of the lanthanide group, 
neodymium (Nd3+) possesses distinctive characteristics. 
Previous studies have reported the appropriate doping of 
nanocrystals and glasses with Nd3+ for obtaining fluores-
cent nanoprobes for photoluminescence tissue imaging. 
Additionally, Nd3+’s spectroscopic characteristics have 
been reported as suitable for photothermal therapy as well 
as nanothermometry, and optical bioimaging applications 
[15–17].

1  Introduction

Bioactive glasses have become multipurpose devices for 
orthopedic implant coatings, angiogenesis, soft and hard tis-
sue engineering, and drug/growth factor delivery in recent 
years. They are characterized by remarkable attributes such 
as osteoconductivity, biocompatibility, and a regulated rate 
of disintegration. They also display antibacterial and angio-
genic features [1–5]. Furthermore, bioactive glasses have 
a broad range of applications since they can incorporate 
different biologically active elements such as magnesium, 
zinc, strontium, and fluorine [5] as well as the ions of rare 
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Abstract
In this study, trivalent neodymium-doped silicate-based 13–93 bioactive glass scaffolds were prepared by the robocasting 
method using sol-gel-derived bioactive glass powders for tissue engineering applications. Sintered scaffolds were coated 
by borate-based 13-93B3 bioactive glass-containing polylactide-co-glycolide solution. The produced composite scaffolds’ 
mechanical, morphological, and structural characteristics were thoroughly examined, as their in vitro bioactivity in cell 
culture media and simulated body fluid. Furthermore, the scaffolds’ amoxicillin adsorption and release behavior was exam-
ined over time. The outcomes demonstrated that it was feasible to effectively create periodic, mesh-like-patterned robocast 
glass scaffolds utilizing Nd3+-doped sol-gel-derived bioactive glass powders. The scaffolds’ compressive strengths ranged 
from 10.02 MPa to 18.6 MPa, with the PLGA-coated scaffolds exhibiting the highest strength values. All of the scaffolds 
that were submerged in simulated body fluid for 28 days showed hydroxyapatite formation. The presence of borate glass 
on the surface of the silicate-based glass scaffolds improved the hydroxyapatite formation ability. The quantity of drug 
adsorption for all types of scaffolds was measured to be between 4 and 9% whereas the cumulative drug release was in 
the range of 58 to 96%. Borate glass particle-containing PLGA coating enhanced the drug delivery behavior.
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Neodymium as a rare earth element holds significant 
importance in laser physics [18]. When incorporated as a 
trivalent dopant ion, neodymium (Nd3+, [Xe] 4f3) ion exhib-
its unique features. For example, under the stimulation of an 
808-nm laser, Nd3+ ions generate thermal energy as well as 
emit light (infrared fluorescence), making them suitable for 
the fabrication of multi-functional materials having photo-
thermal and photoluminescence thermometry features [15, 
19]. Previous research has shown the suitability of nano-
crystals and glasses doped with Nd3+ and other metal oxides 
for obtaining fluorescent nanoprobes for deep tissue bio-
imaging, as well as their use in photothermal therapy [20], 
and nanothermometry [21, 22].

A study conducted by Yusof and colleagues [23] involved 
the preparation of P2O5-MgO-ZnSO4-based glasses using 
the melt-quenching method, with the substitution of neo-
dymium ions at different concentrations. The incorporation 
of neodymium ions into the glass structure enhanced its 
light absorption behaviour and physical properties, poten-
tially enabling its use in photonic devices like infrared solid-
state lasers.

Another study by Yu et al. [24] reported neodymium to 
be ideal for in vivo fluorescence imaging. The results of the 
study suggested that Nd3+-doped CaF2 nanoparticles could 
be utilized as imaging probes for in vitro photoacoustic 
imaging, in addition to fluorescence and magnetic reso-
nance imaging. Consequently, neodymium-doped nanopar-
ticles have shown high potential in biomedical applications 
because of their biocompatibility and suitability as multi-
modal imaging sensors.

Rehman and colleagues’ study [25] demonstrated that 
cobalt-ferrite nanoparticles containing neodymium exhib-
ited high magnetic and antimicrobial properties. This study 
highlighted the significant potential of neodymium-contain-
ing cobalt-ferrite nanoparticles in pharmaceutical and bio-
medical applications.

El-Bashir and colleagues [26] produced silica-titania-
based glass monoliths with various percentages of neo-
dymium ions using the sol-gel technique. The structural 
characteristics of the glasses were investigated through 
X-ray diffraction analysis, confirming their amorphous 
nature. Photo-capacitance and photo-resistance proper-
ties were examined in a frequency range (20  Hz-3  MHz) 
at 25  °C and under different illumination intensities. The 
results indicated the potential use of these synthesized 
glasses in optoelectronic applications like photo-resistant 
and photo-capacitive sensors [26].

Ma and colleagues [27] studied the synthesis of bioac-
tive Nd2O3-CaO-SiO2 glasses to be utilized in photolumi-
nescence thermometry, photothermal therapy (PTT), and 
burned tissue repair. Injectable gels were obtained by mix-
ing Nd2O3-CaO-SiO2 bioactive glasses with sodium alginate 

solution. The results suggested that such multifunctional 
biomaterials could not only serve as implantable agents and 
tissue repair functions for PTT-based cancer treatment but 
also act as materials for temperature monitoring to be uti-
lized in localized temperature measurements.

While previous studies in the field have mainly focused 
on the optical properties of ceramics and glasses containing 
Nd3+ for deep tissue fluorescence imaging, there are only 
few articles addressing the biomedical applications of this 
relevant rare earth element ion. Furthermore, to the best of 
the authors knowledge there is no published study on the 
fabrication of SiO2-based 13–93 bioactive glasses contain-
ing Nd3+. Therefore, the main goal of the current study was 
to prepare Nd3+-containing silicate-based bioactive glass 
scaffolds using the robocasting method and coat their sur-
face with a polylactide-co-glycolide (PLGA) layer contain-
ing borate-based 13-93B3 bioactive glass particles. In the 
study, it was intended to investigate the structural, morpho-
logical, and mechanical properties as well as the bioactivity, 
and antimicrobial drug (amoxicillin) delivery behavior of 
the manufactured composite scaffolds. Besides the addition 
of Nd3+ into the silicate glass network, the use of two dif-
ferent bioactive glass compositions (SiO2 and B2O3-based) 
in the same scaffold design is the novelty of the study. 
Through this approach higher bioactivity but lower chemi-
cal and mechanical strength of the 13-93B3 borate glass [4] 
compared to 13–93 glass can be compensated by the use of 
silicate glass in the core and the borate glass in the coating 
layer.

2  Experimental work

2.1  Material synthesis

Bioactive glass particles (BG) doped with Nd3+ in the com-
position of 13–93 (53 SiO2 − x, 6 Na2O, 12 K2O, 5 MgO, 
20 CaO, 4 P2O5 wt%, where x = 0.5, 1, 3, 5 wt% Nd2O3), 
(see Table 1) were synthesized through the sol-gel method. 
The employed synthesis process was extensively detailed in 
previous studies [11, 28]. Initially, tetraethyl orthosilicate 
was combined with an aqueous nitric acid solution at room 
temperature, causing hydrolysis reaction, followed by agita-
tion for 60 min. Afterwards, a sequence of other chemicals 
including triethyl phosphate, calcium nitrate tetrahydrate, 
sodium nitrate, magnesium nitrate hexahydrate, and potas-
sium nitrate was added incrementally over 30 min. To the 
13–93 bioactive glass solution, predetermined quantities of 
neodymium (III) acetate hydrate ((CH3CO2)3Nd·xH2O, Mw: 
321.37) were introduced. The obtained transparent solution 
was subjected to overnight agitation and then maintained 
at 25 °C within a sealed container to allow gel formation. 
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Following gelation, it was aged at 60 °C for 48 h, followed 
by drying at 120  °C for 24  h. Subsequently, a heat treat-
ment at 625 °C for 4 h with a heating rate of 5 °C/min was 
employed to eliminate residual organic components and 
decomposition of nitrates. The resulting calcined powders 
underwent a 10-minute grinding (at 700 rpm) process using 
a planetary ball mill (Fritch Pulverisette 7 Premium Line, 
Germany). All chemicals utilized in glass synthesis were 
high purity, bio-grade, and obtained from Sigma-Aldrich, 
Germany.

2.2  Scaffold preparation

Sol-gel-derived amorphous silicate 13–93 bioactive glass 
powders (median particle size was in the range of 5–6 μm) 
were used to fabricate 3D-bioactive glass scaffolds with 
periodic grid-like structures through the use of the robocast-
ing technique (Fisnar NV 7400 N, USA). Using a magnetic 
stirrer, an aqueous Pluronic F-127 (Sigma- Aldrich) solu-
tion (25 wt%) was prepared at room temperature, and the 
polymer solution was then stored in a refrigerator at +4 °C. 
Next, to make the printing ink for robocasting, Nd3+-doped 
sol-gel-derived bioactive glass powders (35 wt%) were 
combined with the F-127 solution [29]. Subsequently, the 
mixture was homogenized by spinning a planetary mixer 
(Uni-Cyclone UM-113, Japan) for 5  min at 1000  rpm. 
Any additional dispersant, like polyacrylic acid (PAA) or 
another kind of block-copolymer [30], which is frequently 
employed to stabilize inorganic particles in liquid-based 
systems, was not used because the resulting suspension was 
well-dispersed. Periodic, 1  cm-diameter porous scaffolds 
were printed at 25 °C with a dispenser-attached steel nozzle 
(d: 510 μm). Both the cylindrical and disc-shaped structures 
were designed to have a pore width of 1000 μm between 
the centers of the two rods (x-y-direction). The scaffolds 
were sintered for an hour at 675  °C after drying at room 
temperature.

For the preparation of polymer and borate glass-coated 
composites sintered scaffolds were immersed in a poly-
lactide-co-glycolide (PLGA, lactide: glycolide 50:50, Mw 
45.000  g/mol, Sigma Aldrich, Germany)-dichloromethane 
solution (5 wt%) containing melt-derived borate 13-93B3 
bioactive glass (B2O3 56.6%, CaO 18.5%, Na2O 5.5%, 
MgO 4.6%, K2O 11.1%, P2O5 3.7% (wt%) particles (10 

wt%) for 30 min while mixing by a magnetic stirrer. Before 
the coating process, borate 13-93B3 glass particle-con-
taining PLGA solution was stirred for 30 min and further 
homogenized using an ultrasonic probe (Bandelin Sono-
Puls, Germany) for 5 min. Coated scaffolds were dried at 
room temperature for 24 h before characterizations. For the 
synthesis of the 13-93B3 borate glass particles a platinum 
crucible was utilized and melting was made at 1100 °C for 
1 h. The glass melt was quenched between cold steel plates. 
The size reduction was performed using a planetary ball 
mill [13]. Fig. 1 demonstrates the scaffold preparation pro-
cedure followed in the study.

2.3  Structural, morphological, mechanical 
characterizations

The characterization of the prepared bioactive glasses 
involved a combination of techniques. A Fourier transform 
infrared spectrometer (FTIR, Thermo Nicolet IS20, USA) 
was utilized in conjunction with an ATR accessory for 
molecular analysis. XRD was used to investigate the crys-
talline phase formation using a Malvern Panalytical X-ray 
diffractometer (CuKα radiation, scanning range 10–90°). 
The particle size distribution of the silicate and borate-based 
glass powders was obtained using a Malvern Mastersizer 
3000 size analyzer.

To investigate the morphology of the prepared bioactive 
glasses, which were in the form of particles, scanning elec-
tron microscopy (SEM) using a Zeiss Gemini 500 instru-
ment was employed. Morphology of the fabricated scaffolds 
was investigated using an optical microscope (Nikon, 
Japan). The surface of the glass samples was coated by Au/
Pd using a sputter coater before SEM analysis.

The compressive strength of the manufactured bioac-
tive glass layered cylindrical scaffolds (diameter: 7 mm and 
height: 8–9 mm) was tested using a mechanical compres-
sion testing device (Shimadzu, Japan) with a deformation 
rate of 0.5 mm/min. Five samples in each group were tested, 
and the data were expressed as a mean ± standard deviation. 
Before mechanical testing, any treatment such as grinding 
or polishing was not applied to the surface of the scaffolds. 
The load was applied in the direction perpendicular to the 
plane of deposition of the constructs.

Table 1  Composition (wt%) of the bare and Nd3+-containing silicate based 13–93 glasses prepared in the study
Code SiO2 CaO Na2O K2O MgO P2O5 Nd2O3

BG 53 20 6 12 5 4 -
0.5Nd-BG 52.5 20 6 12 5 4 0.5
1Nd-BG 52 20 6 12 5 4 1
3Nd-BG 50 20 6 12 5 4 3
5Nd-BG 48 20 6 12 5 4 5
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reported that amoxicillin exhibits strong antibacterial activ-
ity against test bacteria, most of which are pathogenic and 
include Gram (-) and (+) bacteria [36]. For the drug loading 
experiments, 10 ml of drug solution (1 mg/ml) was mixed 
with each glass scaffold for 24 h at 25 °C.  To determine the 
concentration and amount of drug adsorbed onto the bioac-
tive glass samples, a UV-Vis spectrophotometer has been 
used at 270 nm (Thermo Fisher Scientific, Evolution 201, 
USA). Once the bioactive glass scaffolds were removed 
from the drug solution, they were dried for 48 h at 40 °C. 
For drug release testing, samples with known weights and 
loaded drug amounts were kept in phosphate-buffered saline 
(pH 7.4) solution at 37 °C.  2 ml sample was taken, and until 
the drug release plateau was reached, it was changed with a 
fresh 2 ml solution to check for any burst effects. Samples 
were taken at specified time intervals (hourly for the first 
24  h and up to 360  h), and absorbance values at 270  nm 
were recorded using the UV-Vis spectrophotometer.

Drug release kinetics were studied using four different 
mathematical models namely zero-order, first-order, Higu-
chi, and Korsmeyer-Peppas models [37].

2.6  Statistical analysis

The one-way ANOVA followed by Tukey’s post hoc test 
was performed. The p-value < 0.05 (*) or 0.01 (**) and 
0.001 (***) were considered significant.

2.4  In vitro hydroxyapatite formation

The formation of the hydroxyapatite (HA) on the fabricated 
glass scaffolds was examined in simulated body fluid (SBF) 
and the minimum essential medium (α-MEM, Product no: 
M0644, Sigma-Aldrich, Germany) at 37  °C under static 
conditions. The simulated body fluid was prepared fol-
lowing the method reported by Kokubo et al. [31], involv-
ing the use of NaCl (Mw:58.44), NaHCO3 (Mw:84.01), 
KCl, K2HPO4.3H2O, MgCl2.6H2O, CaCl2, Na2SO4, and 
NH2C(CH2OH)3 (Mw:121.14), (all chemicals from Sigma-
Aldrich, Germany). On the other hand, α-MEM is a mam-
malian cell culture media that contains inorganic as well as 
biological organic components of blood plasma [32].

For 7, 14, and 28 days, the bioactive glass scaffolds were 
cultured in an incubator after being immersed in SBF or 
α-MEM at an initial pH of 7.4 (1 gram of sample per 500 
milliliters of SBF or α-MEM). They were then removed 
from the physiological fluids, dried at 60 °C. Using SEM 
and FTIR spectrometer, the presence of hydroxyapatite on 
the surfaces of the SBF or α-MEM-treated samples was 
assessed under predetermined parameters.

2.5  Drug loading and delivery studies

Amoxicillin (Sigma-Aldrich) was chosen as the drug model 
in the experimental studies to be carried out. Amoxicillin, a 
semisynthetic penicillin group antibiotic that can be used in 
the treatment of osteomyelitis (bone tissue infection), can 
be dissolved in water-based systems [33–35]. It has been 

Fig. 1  Schematic of the PLGA-
coated bioactive glass-based 
composite scaffold preparation 
procedure followed in the study
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BO4 groups [38]. Fig.  2 (h) and (i) also demonstrate the 
digital images of the robocast composite scaffolds prepared 
in the study. XRD pattern of the sintered scaffolds given in 
Fig. 2 (j) indicates the amorphous structure was kept after 
heat treatment at 675 °C.

Optical micrographs of the uncoated Nd3+-containing 
silicate-based bioactive glass disc-shaped scaffolds are 
shown in Fig.  3. Based on the images scaffolds (diam-
eter ~ 7  mm, height ~ 5  mm) have interconnected porosity 
with oriented pore structure. The homogeneous, intercon-
nected porous network produced by the robocasting method 
may enhance the adhesion, viability, and proliferation of the 
cells [39] when the scaffolds are implanted into the body. 
Results also showed that the inclusion of the Nd3+ in the 
glass network did not cause a change in the morphology 
of the fabricated scaffolds. The strut diameter of the peri-
odic scaffolds was measured to be in the range of 400 μm to 
475 μm. The porosity of the prepared scaffolds was calcu-
lated to be 65–70% based on the measurement of the weight 

3  Results and discussion

Structural and morphological properties of the synthesized 
silicate and borate-based bioactive glass particles are given 
in Fig.  2 (a-j). Based on the XRD analysis results both 
13–93 (Fig. 2c) and 13-93B3 (Fig. 2f) bioactive glass par-
ticles were amorphous. The synthesized silicate-based bio-
active glass powders have a wide particle size distribution 
and the Nd3+ addition did not cause a significant change 
in the particle morphology. According to the results of the 
measurements performed with the particle size analyzer, 
the d50 particle size of the bare and the Nd3+-doped silicate 
glass powders was between 5 and 6 μm. SEM micrograph 
of the 0.5%Nd3+-containing bioactive glass powders also 
demonstrates the existence of particles smaller than 1 μm. 
On the other hand, the median particle size of the melt-
derived 13-93B3 glass powders was 2.5 μm and the FTIR 
spectrum of the related powder contains bands representing 
the vibrational stretching of triangular BO3 and tetrahedral 

Fig. 2  (a), (b) Particle size distribution graphs, and (c) XRD pattern 
of the sol-gel-derived silicate-based 0.5Nd-BG and 5Nd-BG bioactive 
glass powders; (d) particle size distribution graph, (e) FTIR spectrum, 
(f) XRD pattern of the melt-derived borate-based 13-93B3 bioactive 

glass powders; (g) SEM micrograph of the 5Nd-BG bioactive glass 
particles calcined at 625 °C and (h), (i) digital images and (j) XRD 
pattern of robocast bioactive glass scaffolds fabricated using bare and 
5Nd-BG glass powders
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presence of a coating layer did not cause a decrease in the 
total porosity of the composite scaffolds.

FTIR spectra of the uncoated and polymer-coated (in 
the presence of borate glass) Nd3+-doped silicate bioac-
tive glass scaffolds are shown in Fig.  5. FTIR spectra of 
the fabricated bioactive glass scaffolds demonstrated the 
existence of the Si-O vibration bands. In particular, the 
band at about ~ 790  cm− 1 is the indication of symmetric 

and the dimensions. Similarly, optical microscope images of 
the 13-93B3 glass particle-containing PLGA-coated bioac-
tive glass composite scaffolds are demonstrated in Fig. 4. 
Accordingly, the presence of borate glass powders and a 
polymer coating layer did not cause a significant difference 
in the scaffold morphology. Any clogging problem was 
not observed due to the use of low polymer concentration 
during the coating process. Results also revealed that the 

Fig. 3  Optical microscope images of the (a) bare, (b) 0.5 
Nd3+, (c) 1Nd3+, (d) 3Nd3+, (e) 5Nd3+-containing silicate 
13–93 bioactive glass scaffolds. Scale bar: 500 μm
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Results also showed that the FTIR spectra of the uncoated 
bioactive glass scaffolds (Fig. 5a) and the Nd3+-containing 
silicate glass particles synthesized through the sol-gel pro-
cess were similar. This indicates that the sintering process at 
675 °C does not change the amorphous structure of the scaf-
folds and does not cause crystallization. The FTIR spectra 
of PLGA-coated scaffolds containing borate-based 13-93B3 
BG powders are similar and no peak belonging to PLGA 

stretching in the Si-O-Si plane, which is the vertical move-
ment of oxygen atoms. Furthermore, the more prominent 
band in the 980–1100 cm− 1 region is associated with asym-
metric stretching of Si–O–Si, i.e., horizontal movement of 
oxygen atoms inside the Si–O–Si plane [40, 41]. The weak 
band observed in the spectra at ∼1350 to 1400 cm− 1 can be 
explained by the presence of NO3

− ions [42]. .

Fig. 4  Optical microscope images of the (a) bare, (b) 0.5 
Nd3+, (c) 1Nd3+, (d) 3Nd3+, (e) 5Nd3+-containing silicate 
13–93 bioactive glass scaffolds after coating with PLGA in the 
presence of 10 wt% borate 13-93B3 glass particles. Scale bar: 
500 μm
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coated scaffolds in compression is shown in Fig. 6 (b) and 
(c). When compared to the uncoated glass scaffold alone, 
the peak load increased by ~ 84% in the case of coated 
13–93 scaffolds (with a max. strain of 9.15%). The multi-
peak trend may be attributed to the multiple fracture events 
that occurred during the compression test.

Results revealed that the addition of Nd3+ to the silicate 
glass network structure also affected the mechanical prop-
erties. The compressive strength of 3% Nd3+-containing 
bioactive scaffolds was measured to be ~ 15  MPa, and it 
was understood that the compressive strength increased to 
18.57 MPa by coating the same scaffolds with PLGA con-
taining 13-93B3 bioactive glass powders. The compressive 
strength of the fabricated scaffolds was sufficient to use in 
tissue engineering applications such as the repair of tra-
becular bone defects [43]. It was previously reported that 
the compressive strength of PLGA/calcium silicate scaf-
folds was significantly improved compared to uncoated 
calcium silicate scaffolds [44]. A past study by Deliormanlı 
et al. [45] showed that PLGA-coated borate glass scaffolds 
have higher compressive strength compared to uncoated or 
PCL-coated glass scaffolds. Kang et al. [46] reported that 
the infiltration of PLGA improved the compressive strength 
(from 2.90 to 4.19  MPa), bending strength (from 1.46 to 
2.41  MPa), and toughness (from 0.17 to 1.44  MPa) of 
beta-tricalcium phosphate scaffolds. These improvements 
obtained in the mechanical properties were attributed to the 
combination of the systematic coating of struts, and crack 
bridging.

FTIR spectra of the fabricated uncoated, Nd3+-doped 
silicate-based bioactive glass scaffolds after immersion in 
alpha-MEM for 3 and 7 days are shown in Fig.  7. Simi-
larly, the FTIR spectra of the same type of scaffolds soaked 
in simulated body fluid for 7, 14 and 28 days are shown 
in Fig.  8. The IR spectra of the bioactive glass scaffolds 
containing Nd3+ treated in SBF for 7 days showed dou-
blet peaks at 603 cm− 1 and 556 cm− 1, as well as a broad 
band at about 1035 cm− 1. The v3 bending mode of PO4

3−is 
shown by the ~ 1035 cm− 1 band. The ν1 mode of PO4

3− is 
indicated by the small peak at 961 cm− 1. The ν4 P-O bend-
ing of PO4

3− is indicated by the peaks at ~ 556 cm− 1 and 
603  cm− 1, which suggest the presence of orthophosphate 
lattices [47, 48]. The asymmetric stretching (ν3) and out-of-
plane bending (ν2) vibrations are responsible for the peaks 
at around 1390 cm− 1 and 881 cm− 1, respectively. This sug-
gests that carbonates have formed on the glass surface. 
The peak at around 1480 cm− 1 represents the ν1 stretching 
modes of CO3

2− [49]. Findings of the mineralization experi-
ments also indicated that as the soaking time in SBF was 
extended an increment in absorption band intensities was 
recorded. Samples treated in simulated body fluid for 28 
days have the highest intensities of bands at 556 cm− 1 and 

was detected in the structure which is presumably due to 
the low concentration of the polymer solution (5 wt%) uti-
lized. In addition, the amorphous structure of borate-based 
bioactive glass powders and the fact that they were used in 
relatively low concentration caused the relevant samples to 
not be included in the FTIR spectra. Another reason for the 
absence of borate-based bioactive glass and PLGA coating 
in the spectra is that as they are applied only on the surface. 
For FTIR analysis, all of the scaffolds were ground using an 
agate mortar, and a very small amount of sample was used 
for the FTIR analysis. The fact that the sample taken comes 
from the inner parts of the scaffolds may be the reason for 
the absence of the related groups in the IR spectrum.

In the study compressive strength of the fabricated 
uncoated and polymer-coated scaffolds were measured 
under the same conditions and results are shown in Fig. 6. 
Accordingly, while the compressive strength of bare 13–93 
bioactive glass scaffolds without any coating was measured 
as 10.02 MPa, this value was obtained as 17.25 MPa for the 
PLGA-coated sample containing borate glass particles. The 
force vs. stroke graphs of the as-fabricated uncoated and 

Fig. 5  FTIR spectra of the Nd3+-doped 13–93 bioactive glass scaffolds 
(a) uncoated and (b) borate 13-93B3 glass-containing PLGA-coated
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HA were observed in the spectra starting from the 7 days 
of immersion. FTIR analysis results also revealed that the 
inclusion of the Nd3+ ions (up to 3 wt%) to the bioactive 
glass network did not cause a detrimental influence on the 
HA formation ability in SBF for both uncoated and coated 
composite scaffolds. In addition, after 28 days of immersion 
in SBF bioactivity of the borate glass particle-containing 
PLGA-coated silicate glass scaffolds was higher compared 
to the uncoated glass samples. This may be attributed to the 
presence of 13-93B3 borate glass which is more bioactive 
compared to the silicate-based counterparts on the surface 
of the scaffolds due to its low chemical durability and fast 
dissolution rates when immersed in SBF or other physiolog-
ical fluids [4, 52, 53].

The SEM micrographs of the borate glass particle-con-
taining PLGA-coated 13-93 glass scaffolds after immersion 
in SBF for 28 days are shown in Fig. 10. Micrographs show 
the presence of the partial PLGA layer on the surface of the 
glass scaffolds after 28 days’ contact with the SBF. Accord-
ingly, the surface of the 0.5% and 5%Nd3+-containing glass 
composite scaffolds was also covered with the hydroxy-
apatite particles. The plate-like morphology of the second-
phase material observed on the surface of the samples was 
consistent with the morphology of crystalline hydroxyapa-
tite [54].

603 cm− 1 representing crystalline HA formation. Addition-
ally, absorbance intensities were lower for bioactive glass 
samples treated in α-MEM compared to the samples that 
were immersed in SBF for the same amount of time. The 
medium utilized in bioactivity experiments contains L-glu-
tamine, ribonucleosides, and deoxyribonucleosides, without 
sodium bicarbonate, and is suitable for cell culture. Some 
complex solutions that are utilized for cell culture studies 
were also used in acellular bioactivity experiments previ-
ously for bioactive glasses [50]. For example, Sepulveda et 
al. [51] investigated the dissolution behavior of 45S5 bio-
active glass powders in SBF and α-MEM culture medium. 
FTIR, XRD, and SEM evaluation of surface alterations 
demonstrated a decrease in HA formation in the α -MEM. 
This result was attributed to the presence of proteins in the 
cell culture medium that are missing in SBF. It was reported 
that the proteins formed a coating layer because their charge 
attracted the negative surface charge of the glass. By cre-
ating a barrier between the glass and the aqueous media, 
this coating subsequently prevents the glass from breaking 
down. On the other hand, because this barrier is permeable, 
silica and other ionic species can dissolve through it more 
slowly [51].

FTIR spectra of the PLGA-coated scaffolds after con-
tact with the SBF for different periods are shown in Fig. 9. 
The same bands representing the formation of crystalline 

Fig. 6  (a) Graph showing the 
compressive strength of the 
fabricated bioactive scaffolds; 
Force vs. stroke graphs of the (b) 
uncoated, (c) coated bare 13–93 
glass scaffolds
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in the drug release rates was obtained as the Nd3+ concen-
tration was increased. A higher drug release obtained for the 
PLGA-coated scaffolds may be attributed to the presence of 
the 13-93B3 bioactive glass particles in the polymer matrix. 
The higher reactivity of the borate glass particles in an aque-
ous medium compared to the silicate-based bioactive glass 
scaffolds may accelerate the dissolution of the amoxicillin 
into the PBS. Previously, Tibia et al. [56] performed amino-
functionalization for aqueous amoxicillin solution (4  mg/
ml) loading, to the mesoporous bioactive glass nanoparti-
cles to obtain high drug loading efficiencies (~ 50%).

The drug release kinetics were studied by fitting the drug 
release data with zero-order, first-order, Higuchi, and Kors-
meyer-Peppas mathematical models. Tables 2 and 3 show 
the model parameters (K) and coefficient of regression (R2) 
values obtained from the model equations for the uncoated 
and coated-glass scaffolds, respectively. It was found that 
the drug delivery from the scaffolds was in accordance 
with the Higuchi model (the highest regression coefficient, 
R2, was obtained in this model). After the Higuchi kinetic 

Figure  11 demonstrates the aqueous AMOX solution 
(1  mg/ml) adsorption percentages to the bioactive glass 
scaffolds fabricated in the study. Accordingly, the drug 
adsorption percentage of the uncoated bioactive glass scaf-
folds (4–6%) was slightly lower compared to the borate 
glass particle-containing PLGA-coated silicate glass scaf-
folds (7–9%). Low drug adsorption percentages obtained 
may be attributed to the negative surface charge of bioac-
tive glass scaffolds due to the presence of hydroxide (OH) 
groups on their surface [55]. The negatively charged glass 
scaffold surface may be considered the main difficulty in 
loading negatively charged amoxicillin. Cumulative drug 
release percentages shown in Fig.  12 indicated that the 
AMOX release amounts of the polymer-coated bioactive 
glass scaffolds were higher compared to the uncoated glass 
scaffolds. After 360 h, the cumulative drug release amount 
to the PBS medium was calculated to be 96% for the poly-
mer-coated 5% Nd3+-containing glass scaffolds. Under the 
same conditions, the drug release percentage was 76% in 
the absence of coating. Results also showed that an increase 

Fig. 7  FTIR spectra of the Nd3+-containing (a), (b) uncoated, (c), (d) borate glass-containing polymer- coated bioactive glass scaffolds immersed 
in α-MEM for 3 days, and 7 days
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and other porous matrices, although the first-order model 
is more universal [57, 58]. Figures 13 and 14 demonstrate 
the Higuchi model fitting curves for the uncoated and 
13-93B3 borate glass particle-containing PLGA-coated sil-
icate-based 13–93 scaffolds. Regression coefficients for the 

model, the second model that showed compatibility with the 
drug release behavior was the first-order model. It has been 
reported that the drug release kinetics from the mesoporous 
materials typically follows the Higuchi or the first-order 
model. The Higuchi model is generally used to describe 
drug delivery from systems having spherical morphology 

Fig. 9  FTIR spectra of the borate 13-93B3 glass particle-containing 
PLGA-coated 13–93 bioactive glass scaffolds immersed in SBF for (a) 
7, (b) 14, and (b) 28 days

 

Fig. 8  FTIR spectra of the uncoated Nd3+-containing 13–93 bioactive 
glass scaffolds immersed in SBF for (a) 7, (b) 14, and (b) 28 days
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scaffolds were investigated in detail. Additionally, an anti-
biotic  (amoxicillin) adsorption and delivery behavior of the 
scaffolds was examined over a period. Results showed that 
the PLGA coating improved the compressive strength of the 
glass scaffolds. All of the fabricated bioactive glass scaf-
folds have high bioactivity in SBF however HA formation 
rates were higher for the borate glass containing-polymer 
coated samples. Similarly, the presence of borate-based bio-
active glass particles and a PLGA layer on the surface of 
the silicate glass scaffolds improved the drug adsorption and 
the release rates. Results also revealed that the presence of 
Nd3+ was not detrimental in bioactivity up to 3wt%, and 
increasing the drug release percentages. It was concluded 
that prepared scaffolds may find applications especially 
in bone tissue engineering by combining the mechanical 
strength of the silicate glass and the high reactivity (bioac-
tivity) of borate glass in physiological fluids. Additionally, 

polymer-coated glass samples were higher compared to the 
uncoated neat glass scaffolds.

4  Conclusions

Neodymium (III)-containing silicate-based 13–93 bioactive 
glass tissue engineering assemblies were fabricated using an 
extrusion-based robocasting technique and sol-gel-derived 
bioactive glass particles. The surface of the manufactured 
bioactive glass three-dimensional porous constructs was 
coated by a biopolymer (PLGA) layer containing melt-
derived borate 13-93B3 bioactive glass particles. By this 
approach,  two different types of bioactive glass com-
positions were utilized in the same scaffold design. The 
structural, morphological, mechanical characteristics and 
bioactivity of the prepared bioactive glass-based composite 

Fig. 11  Graphs showing the drug adsorption percentages of the Nd3+-doped 13–93 bioactive glass scaffolds (a) uncoated and (b) borate 13-93B3 
glass-containing PLGA-coated

 

Fig. 10  SEM micrographs of the borate 13-93B3 glass particle-containing PLGA-coated 13–93 bioactive glass scaffolds immersed in SBF for 28 
days (a)-(d) 0.5Nd-BG, (e)-(h) 5Nd-BG
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Table 2  Drug release kinetic model parameters for the uncoated Nd3+-containing bioactive glass scaffolds. R: coefficient of correlation; K0, K1, 
KH and KKP : zero-order, first-order, Higuchi, and Korsmayer-Peppas model rate constants, respectively
Nd-BG Zero-order First-order Higuchi Korsmayer-Peppas

K0 R2 K1 R2 KH R2 KKP R2

BG 0.8669 0.7613 0.9899 0.7944 4.6105 0.9759 1.1488 0.7812
0.5 Nd-BG 1.0012 0.8489 0.9881 0.8856 5.6828 0.9920 1.1795 0.8050
1 Nd-BG 0.9757 0.8593 0.9885 0.8940 5.9255 0.9906 1.2764 0.8167
3 Nd-BG 0.9861 0.8309 0.9883 0.8689 6.0080 0.9871 1.3704 0.8035
5 Nd-BG 0.8929 0.8246 0.9896 0.8599 5.5428 0.9851 1.4363 0.8180

Table 3  Drug release kinetic model parameters for the coated Nd3+-containing bioactive glass scaffolds. R: coefficient of correlation; K0, K1, KH 
and KKP : zero-order, first-order, Higuchi and Korsmayer-Peppas model rate constants, respectively
Nd-BG@
(PLGA + B3)

Zero-order First-order Higuchi Korsmayer-Peppas

K0 R2 K1 R2 KH R2 KKP R2

BG 1.1384 0.7303 0.9799 0.8550 8.6042 0.9245 1.2847 0.7591
0.5 Nd-BG 0.8984 0.7934 0.9864 0.8771 7.1490 0.9610 1.1652 0.7472
1 Nd-BG 0.9276 0.8256 0.9863 0.8974 7.3401 0.9717 1.1455 0.7841
3 Nd-BG 0.8680 0.7071 0.9867 0.8036 6.7448 0.9190 1.2117 0.7412
5 Nd-BG 0.7617 0.8501 0.9894 0.9080 5.8767 0.9788 1.0498 0.7076

Fig. 12  Graphs showing the cumulative drug release percentages of the Nd3+-doped 13–93 bioactive glass scaffolds to the PBS medium at pH 7.4 
(a) uncoated and (b) borate 13-93B3 glass-containing PLGA-coated; (c) calibration curve for the aqueous drug solution
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the presence of Nd3+ ions in the bioactive glass matrix may 
be beneficial for the use of the fabricated scaffolds in photo-
thermal therapy applications.

Fig. 13  Graphs showing the drug release from uncoated (a) bare, (b) 0.5 Nd3+, (c) 1Nd3+, (d) 3Nd3+, (e) 5Nd3+-containing silicate 13–93 bioactive 
glass scaffolds fitted using Higuchi kinetic model
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