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Introduction

Photoluminescent biomaterials with advanced per-
formance have received much interest with the recent
technical developments of the fluorescence labeling.
The florescent inorganic nanomaterials such as
quantum dots, latex particles and organic molecules
(dyes) are used in optical imaging; however, their
low biocompatibility limits the applicability of these
nanoparticles for in vivo bioimaging [1]. Therefore,
alternative materials such as rare earth-doped
hydroxyapatite and bioactive glasses showing lumi-
nescent properties have gained attention owing to
their broad applications in tissue engineering, drug
release and biological imaging [2, 3].

Bioactive glasses are unique materials due to their
widespread applications in tissue repair and regen-
eration in the form of particle, microsphere, fiber and
scaffolds [4-7]. Compared to the well-known silicate-
based bioactive glass composition designated as 4555,
another bioactive glass 1393 has higher SiO, concen-
tration and some additional elements (K,O and MgO)
in its composition [8]. Additionally, 1393 bioactive
glasses have better processing features which permits
the sintering of the glass scaffolds with lower crys-
tallization [7, 8]. The fabrication of luminescent
bioactive glasses activated with the rare earth ele-
ments has been reported previously. Fan et al. [9]
studied on the drug delivery from luminescent Eu’*-
doped bioactive glasses. According to their study, the
drug-loaded glasses exhibited red Iuminescence
under UV light radiation, and the emission intensities
of Eu’* in the glass network changed as a function of
drug release amount. This makes the drug delivery
be monitored by the change of the luminescence
intensity [9]. Similarly, Li et al. [10] reported the
fabrication of porous photoluminescent silicate-based
glass—ceramic scaffolds doped with Eu®* for tissue
engineering applications. The Eu®*-doped scaffolds
gained a red color radiation under UV light, and a
decline in the emission intensities was examined
following the cell culture experiments [10]. Saarinen
et al. [11] studied on the borosilicate and the phos-
phate glasses in the presence of persistent lumines-
cent SrALLOzEu®t, Dy’ particles having a green
luminescence up to tens of hours. It was concluded
that by monitoring the changes in the luminescence,
it may be possible to observe the degradation and
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mineralization behavior of the bioactive glass scaf-
folds implanted into body [11].

Both erbium (III) and terbium (III) are rare earth
elements belonging to the lanthanide group [12]. Er’*
shows fluorescent properties and glow under day-
light and fluorescent light [13]. It has been utilized in
variety of medical applications such as laser surgery
as well as the steam generation for enamel ablation in
dental applications [12]. Alshemary et al. [14] studied
the effects of Er’* doping on the in vitro bioactivity
and the photoluminescence features of hydroxyap-
atite (HA). Results revealed that the synthesized
materials have high bioactivity and make green and
red light emissions. Similarly, Pham et al. [15]
reported that Er’*-containing hydroxyapatite pow-
ders synthesized by co-precipitation method have
high bioactivity and show photoluminescence prop-
erties. Mondal and co-workers [16] synthesized
photoluminescent Er**-containing hydroxyapatite
nanocrystals for biomedical applications. In the
study, in vitro bioactivity and optical imaging
experiments performed by MG-63 cells showed the
existence of nontoxic photoluminescent character. Li
et al. [17] investigated the upconversion lumines-
cence of erbium/ytterbium co-doped CaSiO; bioac-
tive glasses. The fabricated erbium/ytterbium co-
doped glasses showed green and red luminescence.
The cell culture experiments indicated that the pro-
duced glasses were biocompatible and they were
nontoxic to osteoblastic MC3T3-E1 cells.

Terbium oxide is a green phosphor which is uti-
lized in wide applications such as in fluorescent
lamps, biochemical sensors and X-ray intensifying
screens [2, 18]. Wang et al. [19] investigated the
effects of Tb®" addition on the HA forming ability
and anticancer drug delivery from mesoporous
bioactive glasses. Results showed that Tb®>" doping at
0.5 and 1 mol% enhanced the in vitro bioactivity and
doxorubicin release behavior of the bioactive glasses
[19]. Qiao and co-workers [20] synthesized the
Tb>*-containing HA nanoparticles by chemical
deposition method. It was reported that obtained
materials have enhanced photoluminescence prop-
erties and the presence of Tb>" has no detrimental
effect on the microstructure of the HA. The maximum
in luminescence intensity was recorded when the
doping concentration of Tb>" was 8%.

Although the synthesis of Er’" and Tb>" -doped
HA nanopowders and other nanomaterials has been
conducted previously, few studies have been
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reported on the preparation of bioactive glasses
containing these elements. Additionally, in these
studies, either short wavelength UV [9, 10] or
upconverted luminescence of the Er’", Tb>' or
Er’*:Tb>*co-doped materials has been investigated
[17]. However, the upconverted luminescence suffers
from low emission efficiency when excited with low
energy wavelengths. Therefore, the goal of the cur-
rent study was to investigate the effect of Er’* and
Tb>" doping on the structural, morphological fea-
tures as well as high-energy excitation photolumi-
nescence (@374 nm) of the silicate-based 1393
bioactive glasses prepared in the form of particles
and nanofibers. The chosen excitation wavelength is
both longer than the previously reported excitation
energies and has the sufficient energy to excite the
ions encapsulated in the glassy matrix. The decay
kinetics of the particles were also investigated under
excitation in nanosecond, microsecond and millisec-
ond time regimes.

Experimental studies
Materials

Tetraethyl-orthosilicate (TEOS), triethyl-phosphate
(TEP), calcium nitrate tetrahydrate, potassium
nitrate, magnesium nitrate hexahydrate, sodium
nitrate, erbium nitrate-pentahydrate, terbium nitrate-
pentahydrate (all from Sigma-Aldrich, USA) were
utilized as precursor materials in 1393 bioactive glass
synthesis. Polyvinyl alcohol (PVA)
(88.000-97.000 g/mol, 88% hydrolyzed, from Alfa
Aesar) was used to prepare electrospinning solution.

Synthesis of bioactive glass particles

Er’* and Tb*"-containing 1393 bioactive glass pow-
ders were synthesized using sol-gel method. The
chemical composition (in wt%) of the studied bioac-
tive glasses is given in Table 1. The method followed
in sol-gel synthesis has been reported previously
[21]. For this purpose, a specified amount of TEOS
was added into aqueous 0.3 M HNO; solution at
25 °C and was stirred for 60 min for hydrolysis. Then
other chemicals were added in sequence (depending
on their reactivities) with 15-min interval, and the
total solution was further stirred for 30 min. Addi-
tionally, specified amounts of Er(NO3)3-5H,O and/or
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Tb(NO3)3-5H,0 (at 1, 3 or 5 wt%) were included into
the 1393 glass solution. The final transparent solution
was further stirred overnight, and then resulted glass
solution was kept in a closed bottle at 25 °C without
disturbing for gel formation. Gelation occurred after
5 days, and obtained gel network was aged for 48 h
at 60 °C followed by drying at 120 °C for 24 h. A
further heat treatment was applied at 625 °C for 4 h
with a heating rate of 5°C/min to remove the
nitrates. Size reduction of the calcined powders was
performed using a high-speed planetary micromill
(Fritch Pulverisette 7 Premium Line, Germany) at
700 rpm for 10 min.

Synthesis of bioactive glass nanofibers

In the study, Er’" and Tb®>"-containing 1393 bioactive
glass fibers were synthesized through electrospin-
ning method. The technique utilized for the fabrica-
tion of the 1393 fibers was reported in detail formerly
[22]. Briefly, after preparation of the bioactive glass
solution as explained above an aqueous poly (vinyl
alcohol) solution (10 vol%) at 1:1 ratio, 0.5 vol% sur-
factant (Surfynol SE, Air Products,USA) and 1 vol%
ethanol was added to this solution. The resulted
solution was stirred for 3 h at 25 °C for homoge-
nization prior to electrospinning process. For the
production of erbium and terbium-containing glass
nanofibers, an electrospinning device (NE-300, Ino-
venso, TR) was used. For this purpose, the bioactive
glass-PVA based solution was injected at a rate of
0.5 ml/h to a stainless steel nozzle having a diameter
of 0.8 mm using a syringe pump. A stainless steel
rotating cylinder was utilized as the target collector.
The electrospinning experiments were performed by
adjusting an 8 cm distance between the nozzle and
the collector. To generate a Taylor cone at the tip of
the spinneret, 20 kV voltage was applied to the
electrospinning solution. The elecrospun fibers were
first dried at 25 °C for 48 h followed by a treatment at
250 °C for 4 h (heating rate 1 °C/min) and 625 °C for
4 h (heating rate 5 °C/min).

Characterization
Structural and morphological properties

Phase analysis of the prepared bioactive glasses was
made using an X-ray diffractometer, XRD (Philips
X'Pert Pro, Netherlands), by Cu Ko radiation at a
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Table 1 Composition (wt%)

of the bioactive glass Sample SiO, CaO Na,O K,0 MgO P,O5 Er,O5 Tb,03

formulations studied 1393 53 20 6 12 5 4 7 B
1Er-1393 52 20 6 12 5 4 1 -
3Er-1393 50 20 6 12 5 4 3 -
5Er-1393 48 20 6 12 5 4 5 -
1Tb-1393 52 20 6 12 5 4 - 1
3Tb-1393 50 20 6 12 5 4 - 3
5Tb-1393 48 20 6 12 5 4 - 5
1Er:Tb-1393 52 20 6 12 5 4 0.5 0.5
3Er:Tb-1393 50 20 6 12 5 4 1.5 1.5
SEr:Tb-1393 48 20 6 12 5 4 2.5 2.5

scanning rate of 0.01°/min in the range 10°s-90° 20.
Fourier transform infrared spectrometer (FTIR, Per-
kin-Elmer, Spectrum 2) was used to analyze molec-
ular structure of the synthesized bioactive glasses.
FTIR analysis was made using ATR accessory in the
wavenumber range of 400-4000 cm™~'. Morphology
of the prepared bioactive glass powders and nanofi-
bers was examined using a scanning electron micro-
scope (SEM, Zeiss, Gemini 500) at an accelerating
voltage of 3 keV and working distance 10 mm. Par-
ticle size of the bioactive glass powders was mea-
sured using a particle size analyzer (Malvern,
Mastersizer 3000, UK), whereas the average diameter
values of prepared nanofibers were obtained from
the SEM images. For this purpose, at least 30 fibers
were randomly selected on the images and the
diameters were measured using a software.

Photoluminescence properties and decay analysis

Steady-state photoluminescence emission character-
istics of the synthesized bioactive glass particles and
nanofibers were recorded by a fluorescence spec-
trometer (Edinburgh instruments FLSP 920) at room
temperature. Glass nanofibers were ground gently
for 30 s using an agate mortar and converted into
rod-like structure prior to measurements. For the
lifetime measurements, time-resolved fluorescence
measurement mode of the fluorescence spectrometer
was utilized. The lifetime measurements in nanosec-
ond, microsecond and millisecond regime were
acquired under the excitation of pulsed laser and a
microsecond flash lamp. The nanosecond regime
measurements were conducted by a 367.8 nm pulsed
laser, and the pulse width was much shorter
(118.2 ps) than the average decay times of the glass
samples. The emission data were acquired at the
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maximum emission wavelength of each type of
sample. A microsecond flash lamp was utilized dur-
ing the measurements performed in the microsecond
and millisecond regime. The IRF was recorded using
a colloidal silica-water suspension (LUDOX 30%,
Sigma-Aldrich).

In vitro bioactivity

Hydroxyapatite forming ability of the prepared
bioactive glasses in the form of particle and nanofiber
was examined in simulated body fluid (SBF) at 37 °C
under static conditions. SBF was prepared based on
the protocol reported by Kokubo et al. [23] Bioactive
glass samples were immersed in SBF (1 gr sample per
500 ml SBF) having an initial pH of 7.4 and kept in
SBF for 30 days in an incubator. After 30 days, sam-
ples were extracted from SBF and dried at 60 °C at
least for 48 h prior to characterizations. Hydroxyap-
atite conversion of the SBF-treated samples was
examined using SEM.

Results and discussion
Bioactive glass particles

SEM micrographs showing particle morphology of
the bare and Er’* and/or Tb*"-doped 1393 bioactive
glass powders synthesized by the sol-gel technique is
given in Fig. 1. The prepared powders containing
irregular shape particles were in the size range of
1.45-3.57 ym based on the particle size analyzer
measurements (Table 2). However, SEM micrographs
demonstrate the presence of much finer particles
having a diameter of ~ 50 nm. The average particle
sizes of the Er’* and Tb**-doped 1393 bioactive glass
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Figure 1 SEM micrographs
of the bioactive glass powders
synthesized (calcined at

625 °C) in the study a 1393,
b SEr-1393, ¢ 5Tb-1393,

d 5Er:Tb-1393.

Table 2 Particle size of the of the sol-gel-derived bioactive glass
powders synthesized in the study

djo(pm) dso (um) doo(pm)
1393 0.713 2.79 11.9
1Er-1393 0.707 3.21 14.1
3Er-1393 0.741 3.57 17.0
5Er-1393 0.714 3.59 17.8
1Tb-1393 0.718 3.22 12.6
3Tb-1393 0.669 2.51 11.0
5Tb-1393 0.742 3.22 14.11
1Er:Tb-1393 0.628 1.96 7.31
3Er:Tb-1393 0.555 1.46 3.59
SEr:Tb-1393 0.544 1.45 3.32

particles were in close proximity, and the type of the
dopant did not significantly affect particle size. Er**
and Tb>"-activated bioactive glass particles exhibited
bimodal size distribution (Fig. 2).

XRD analyses shown in Fig. 3 revealed that all of
the bioactive glass powders calcined at 625 °C for 4 h
in air atmosphere were mainly amorphous at all
doping concentrations. Few low-intensity peaks
detected in some samples may be attributed to the
existence of NaNO; and KNO; phases in the struc-
ture (Fig. 3b). Previously, similar types of crystalline
peaks were also observed in XRD pattern of sol-gel-
derived 1393 bioactive glass powders heat treated at
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610 °C. These peaks were eliminated through a cal-
cination performed at 625 °C. Therefore, existence of
few nitrate peaks in Fig. 3b may be attributed to the
conditions in furnace atmosphere [21]. However, in
general results showed that calcination at 625 °C was
sufficient to remove most of the nitrates from the
structure resulting from the precursor materials and
avoid formation of crystalline phases such as com-
beite observed at higher temperatures.

Figure 4 depicts the FTIR spectra of the bare, as
well as the erbium and terbium-containing bioactive
glass particles. It is known that there are 4 main
regions (around 480, 750, 940 and 1100 cm ™) in the
IR spectra of the silicate-based glasses [24]. Accord-
ingly, the peak observed in the spectra at 932 cm ™"
was due to the Si-O stretching mode of non-bridging
oxygen’s and the peak obtained at right-hand side of
this band at 1010 cm™' can be assigned to Si-O-Si
asymmetric stretching of bridging oxygen’s [24, 25].
Metal alkoxides of Si(IV) demonstrate absorption
bands assigned to v(M-O) stretching modes around
800 cm ™" [26]. The IR peaks at 759 cm ™" are assigned
to vs (Si—-O-5i) bending vibration. The peak observed
at 445 cm™' is attributed to the O-Si-O bending
vibration mode [24, 27]. A shift in peak positions was
not obtained in the spectra of bioactive glass samples
as a function of dopant concentration.

@ Springer
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Figure 2 Graphs showing the particle size distribution of the sol-gel-derived glass particles a 1393, b 5Er-1393, ¢ 5Tb-1393, d 5Er:Tb-
1393.

Figure 3 XRD diagrams of
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Bioactive glass nanofibers

SEM micrographs showing the morphology of the
electrospun bioactive glass nanofibers synthesized in
the study are given in Fig. 5. Results showed that it
was possible to obtain bead free, continuous 1393
bioactive glass fibers in the absence and presence of
Er’* and Tb>' ions using electrospinning technique.
The surface of the nanofibers was smooth, and any
grain formation was not observed on the surface of
the glass nanofibers calcined at 625 °C. Based on the
SEM micrographs, the average fiber diameter of the
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bare 1393 glass was measured to be 467.9 + 92 nm.
On the other hand, average fiber diameter of the
5%Er and 5%Tb-containing bioactive glass samples
was 665.5 + 185 nm and 283.2 + 109 nm, respec-
tively. Similarly, fiber diameter of the bioactive glass
sample containing 5%Er:Tb was measured to be
505.3 4+ 151 nm. Fiber diameter distribution of the
bioactive glass samples containing Er’* and Tb>" at
highest concentration is given in Fig. 6. Similar
results were obtained for the samples consisting
related rare earth elements at other doping

concentrations.

Figure 5 SEM micrographs of the electrospun bioactive glass nanofibers synthesized (calcined at 625 °C) in the study a 1393, b 5Er-

1393, ¢ 5Tb-1393, d, e SEr:Tb-1393.
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Figure 6 Graphs showing the fiber diameter distribution of the electrospun glass nanofibers prepared in the study a 1393, b 5Er-1393,
¢ 5Tb-1393, d 5Er:Tb-1393.

XRD analysis results of the bioactive glass nanofi- structure with the sol-gel-derived bioactive glass
bers synthesized in the study are shown in Fig. 7. particles. However, for the Er’*-containing 1393
Accordingly, all of the Er’* and Tb*" -containing  bioactive glass fibers a shift in peak position at
samples in the form of nanofibers kept their amor- 1006 cm™' was recorded to lower wavelengths rep-

phous structure after calcination at 625 °C and all of resenting Si-O-Si asymmetric stretching. For the
the nitrates were removed from the structure during  3%Er and 5%Er-containing samples Si-O stretching
calcination process. vibrations were obtained at 932 cm ™. Similarly, a

FTIR spectra of the nanofiber-based samples shift was observed for the peak assigned to
shown in Fig. 8 demonstrates a similar molecular Si-O stretching to lower wavelengths for 3% and

Figure 7 XRD diagrams of (a) Er3+/13.93 (F) (b) Tb3*+-1393 (F)
the electrospun glass
nanofibers containing a erbium ey 3
and b terbium. S S
= =
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5 1%Tb*
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0%Er 0%Tb™
20 40 60 80 100 20 40 60 80 100
2 Theta (degree) 2 Theta (degree)

@ Springer



] Mater Sci (2021) 56:14487-14504 14495
Figure 8 FTIR spectra of the (a) (b)
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5%Er-doped glass fibers. In case of Tb>"-containing

glass fibers again, a slight shift was seen for the Si-O-
Si stretching peak to lower wavelengths starting from
1%Tb to 995 cm™'. The wide absorption band at
about 450 cm ™' that is assigned to O-Si-O bending
vibration was independent of glass composition [27].
If a network modifier is included into an amorphous
SiO, structure, some of the Si-O bonds are broken
and the negative charge of the oxygen ion is then
compensated by the modifier ion [28]. In the current
study, Er’* and Tb>* presumably acted as a modifier
ion in the silica glass network during nanofiber
synthesis.

Steady-state photoluminescence properties

In the study, photoluminescence (PL) spectra of the
Er’t and Tb’' -containing sol-gel-based 1393 bioac-
tive glass particles and electrospun nanofibers were
recorded. Effect of activator element and concentra-
tion as well as the glass morphology on the PL
properties was investigated. Figure 9a, b shows the

(a) 74 506

— 1393
1% Ef‘j.
3% Er”
5% Er*

4x10° 4

3x10° 4

Counts

210"

1x10° 4

T

)
600 700

400 500
Wavelength/nm

Wavenumber (1/cm)

excitation and emission spectra of the bare and the
Er’**-doped 1393 bioactive glasses in the form of
particles and fibers, respectively. Upon excitation at
374 nm, the dopant-free 1393 glass particles yielded
emission bands centered at 506 and 566 nm arising
from the optical transitions from the ns2-levels
(n =1,23,...), related to structural units of the glass
matrix.

Previous studies on the optical property of silica
glass demonstrated that there are many optic-active
defect centers with strong absorption in the UV range
[29]. Additionally, the defect designation in multi-
component structures is complex. The oxygen-related
defects are oxygen hole centers, where a hole is
trapped in a nonbonding p-orbital of an oxygen. Sil-
icon-related defect centers could be trapped holes on
one or two non-bridging oxygens on the same SiO4
tetrahedron [30].

The sol-gel-derived Er’*-doped 1393 glass powders
appeared pink under sunlight and the color intensity
increased with the increment in Er®" concentration.
Under 374 nm light irradiation, Er’*-containing glass

(b)

1.5x10°

1.0x10° -
@2
c
>
Q
(8]

5.0x10°

0.0 - T T T T
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Figure 9 Excitation and emission spectra of the Er’*-containing bioactive glass a particles, b nanofibers.
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particles exhibited emission bands corresponding to
blue (436 nm) and green (506, 546 and 566 nm) wave-
lengths. The observed emission of the Er’"-doped
glasses at green emission band at 566 was assigned to
s, /2 = s /> transitions from the excited states to the
ground state of the Er®* [14, 16]. On the other hand, the
emission associated with blue band was attributed to
4F7/2 - 4115/2 transition [16].

The Er’'-containing electrospun 1393 nanofibers
exhibited the similar bands centered at 506, 546 and
564 nm, upon excitation at 374 nm. Additionally,
1%Er-doped glass nanofibers yielded some further
weak intensity bands at 414 nm and 708 nm corre-
sponding purple and red emission. The purple band
was assigned to E, /2 = s /2 transition [16], and the
red band in the PL spectra observed at 708 nm was
assigned to the n-L shell electronic transition [14]. A
decline in peak intensities was observed as the Er*"
ion concentration was ascended for both type of glass
samples which may be attributed to the concentration
quenching beyond the doping level of 1 wt% due to a
non-radiative decay process. This behavior may be
due to an enriched coupling to quenching sites (such
as small quantities of OH sites) as a result of excita-
tion migration at high Er’* concentration [31]. Pre-
viously, quenching in the green luminescence was
reported to be based on the cross-relaxation process
between the two neighboring Er’" ions [32, 33]. Upon
doping with Er’", the rare earth ions substitute the
alkaline earths in the structure and are more strongly
coordinated by the O*". A potential charge mismatch
between the Ca®" and/or Mg>" and Er’" may be
resulted in enhanced photoluminescence intensity
even at 1% dopant concentration, due to the hyper-
sensitivity of these electric dipole transitions of
"Dy — “F,. However, Tb>" cross-relaxation processes
(D3 — °Dy «» “Fs — "F) strongly favored by higher
doping concentrations [34]. On the other hand, the
co-existence of Eu’" and Tb’' can provide extra
channels to depopulate the erbium’s emission levels
by energy transfer mechanisms. Owing to this fact,
the radiative spontaneous emission of co-doped
samples can be different from the Er’*-doped glasses
[34]. Results of the current study also revealed that
emission intensities of the sol-gel-derived glass par-
ticles were stronger compared to the electrospun
glass nanofibers.

The mechanism observed in luminescence of
Er’*-doped hydroxyapatite was discussed previ-
ously by Alshemary et al. [14] Accordingly, low
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energy electrons of Er’* present in *I;5,, are excited
to “Gyy /2 state followed by non-radiative decay and
this leads to populate G /2, “4F; /2, F, s> and Hy, /2
excited states. The radiative decay from "Hi;,, and
s, s to s s2 enhances green emission [14, 32, 33].
It is also important to note that direct excitation of
the Er’*-doped samples can be achieved around
980 nm which concur with the energy level of second
excited state of the Er’" ion, and incident photons
may directly be absorbed by these ions. Therefore, in
most of the previously published studies, upcon-
verted red and green luminescence of the Er’*-doped
materials have been studied [17, 35]. On the other
hand, when Tb>* was co-doped with Er®", energy
transfer from the Iy, *I;3/, states of the Er*" ion to
the7F0 levels of Tb>* is possible. However, despite the
numerous efforts made by researchers, such kind of
upconverting materials are still suffering from low
emission quantum efficiency. Herein we performed
excitation by using 374 nm where incident photons
are non-resonant with the Er’" energy levels,
directly. The potential excitation path therefore is due
to the absorption of the energy by Si nanoclusters and
subsequent energy transfer to the erbium ions [35].
The excitation and emission spectra of the bare and
the Tb**-containing 1393 bioactive glasses in the form
of particles and fibers are shown in Fig. 10. After
excitation at 374 nm, Tb>"-containing bioactive glass
particles yielded violet (416 nm), blue (436 nm and
488 nm), green (544 nm), yellow (584 nm) and red
(622 nm) fluorescence. The first group of emissions
(violet and blue) at 416 and 436 nm are assigned to
°D; — “Fs, ’F, transitions [36, 37]. The second group
of emissions at 488, 544, 584 and 622 nm are corre-
sponding to D, — "Fs, "Fs, “F4 and “F; transitions,
respectively [38]. Among them, °D, — ’Fj transition
(544 nm) gave the most intense green emission. The
photoluminescence spectra of Tb>*-doped silicate-
based 1393 glasses exhibited intense emission in
green region and weak emission in blue region under
374 nm excitation. An increase in radiation emission
was recorded as the Tb>* concentration was ascen-
ded in the glass composition. Highest radiation
intensity was observed for 5%Tb-containing 1393
glass particles. Similarly, terbium-containing bioac-
tive glass nanofibers exhibited exactly the same
emission spectrum upon excitation at 375 nm. How-
ever, their emission intensities were weaker almost
fivefold compared to the PL intensity of sol-gel-
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Figure 10 Excitation and emission spectra of the Tb**
derived bioactive glass particles doped with Tb*>" at
the same concentrations.

The PL emission spectra of the Er:Tb-1393 series
bioactive glass particles and nanofibers in the wave-
length range of 250-800 nm were given in Fig. 11.
Accordingly, similar to the Er’* or Tb>"-containing
bioactive glasses, upon excitation at 374 nm, the
Er’*:Tb>" co-doped 1393 glass particles yielded violet
(416 nm), blue (436 nm), green (506, 544 and 566 nm),
yellow (584 nm) and red (622 nm) fluorescence and
the green emission was the most intense among
them. A similar PL spectrum was observed for the
Er’*:Tb’*-1393 glass nanofibers, having weaker
emission intensities compared to the co-doped glass
particles, especially for the band at 544 nm. After the
optimization of the dopant concentration, the gath-
ered emission spectra of the dopant-free, 1% Er’T,
5%Tb>" and 3% Er’*:Tb>*-co-doped bioactive glasses
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-containing bioactive glass a particles, b nanofibers.

and electrospun fibers were shown in Fig. 12. As can
be clearly observed from Fig. 12, the best results were
obtained when Tb>" was present at 5% in the glass
samples.

Florescence decay analysis

The fluorescence lifetime belongs to the excited state
behavior of a fluorescent material. Decay kinetics of
all of the bioactive glass samples in the form of par-
ticle and nanofiber were recorded in nanosecond,
microsecond and millisecond time scales, respec-
tively. The fluorescence lifetime data of the samples
were acquired in solid state, on a solid sample holder.
Each sample was irradiated with a 367.8 nm pulsed
light source and a microsecond flash lamp, and the

data acquisition was performed at emission
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Figure 11 Excitation and emission spectra of the Er’*:Tb>-containing bioactive glass a particles, b nanofibers.
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Figure 12 Gathered excitation—emission spectra of the dopant-free, Er*™, Tb** and Er’*:Tb>*-co-doped bioactive glass a particles,

b nanofibers.

maximum of each sample. In all cases, the samples
exhibited multi-exponential decay.

The decays of the PL intensities were recorded on
the basis of the exponential formula (Eq. 1). The flu-
orescence lifetime was determined the time after
which the intensity is dropped to 1/e, from the initial
value.

I(t) = Ae=t*V) 4 Bel=t/™) (1)

The curves were fitted with bi-exponential equa-
tions (Eq. 1) where I(t) is the luminescence intensity
as a function of time, A and B are constants and 7 is
the decay time (see Fig. 13).

Tables 3 and 4 reveal bi-exponential decay data of
the Er’*, Tb®" and Er’": Tb®>" co-doped 1393 glass
particles and electrospun fibers for the nanosecond,
microsecond and millisecond time scales, respec-
tively. The average decay times were calculated by
taking the weighted average of multi-exponential
decay times. The dopant-free 1393 glass particles
exhibited bi-exponential decay when excited at
368 nm. In nanosecond time regime, the short and
long lifetime components of the bare 1393 bioactive
glass powders were measured to be 1.85ns and
32.6 ns, respectively. Decay times of 1.99 (15%) and
11.1 (85%) microseconds were recorded for the bare
glass particles.

When excited by 367.8 nm pulsed laser, in
nanosecond timescale, the 1%Er’"-containing parti-
cles exhibited bi-exponential decays of 1.35 ns (55%)
and 41.10 ns (45%) corresponding to average
decay time of 19.17 ns. On the other hand, the

@ Springer

5%Tb>"-doped and 3%Er’*:Tb>" co-doped particles
exhibited 21.90 and 27.51 ns of average decay times,
respectively (see Fig. 13a). Decay times were mea-
sured to be 9.85, 10.47 and 10.46 ps for the Er*", Tb>*+
and Er’*:Tb*>" co-doped particles, respectively, in the
microsecond time regime (see Fig. 13b). In all cases,
the decay curves exhibited bi-exponential behavior
indicating the presence of two distinct decay chan-
nels. In millisecond timescale, 0.06, 2.97 and 2.11 ms
of average decay times were recorded for the Er’™,
Tb>*, and the Er’":Tb’* co-doped forms, respec-
tively, which is in accordance with literature [39] (see
Fig. 13c). Similar type of decay behavior was
obtained for the bioactive glass nanofibers (see
Fig. S1) Percentage distribution of the short and long
lifetime components of the decays and further details
including concentration dependency of the decay
times and decay behavior of the bioactive glasses and
the electrospun fibers are shown in Tables 3, 4 and
Tables S1 and S2, respectively. The variations in the
measured decay times arising from the morphologi-
cal factors and non-crystalline structure of the
bioactive glasses and fibers are an expected result.
The recorded nanosecond decay times can be
assigned to photo-excitation of free excitations and
their trapping at defect sites in the non-crystalline
glassy matrix. The recorded microsecond scale life-
times can be related to the presence of the deeply
trapped holes. Herein, due to the presence of the free
charge carriers and their efficient migration, and
recombination in the amorphous structures, short
and long luminescence decay time components in the
nanosecond and microsecond time scale were
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Figure 13 Decay curves of the bioactive glass particles (based on the dopant concentration given in Fig. 12) in three different timescales:

a nanosecond, b microsecond, ¢ millisecond time scale.

recorded. On the other hand, the recorded millisec-
ond decays can be assigned to the existence previ-
ously explained transitions of Er’* and Tb®>" ions in
the matrix. In all cases, co-existence of the Er’™ and
Tb>" ions within the same matrix did not make a
significant effect neither in decay times nor in fluo-
rescent intensities. Compared to the glass particles, in
nanofibers, generally the slow component of the
decay time was more dominant. The fast component
has been reported to be related to excitation sponta-
neous recombination, while the slower component
could be attributed to trapping/detrapping mecha-
nisms [40].

The luminescence decay time imaging has been
evaluated as an alternative method in bioimaging
studies previously [40, 41]. The presence of different
fluorescence excited state lifetimes is generally

required to solve the difficulties observed for the
recognition of different fractions of the same fluo-
rophore in different states in the molecular structure.
This may require to use of the luminescent materials
having multi-exponential decay characteristics. In the
study, all of the glass samples exhibited bi-exponen-
tial decay behavior which can be concluded as an
advantage from this point of view.

Finding of the current study also indicated that the
luminescence intensity and the decay times of the
Er’t and Tb®>" -doped bioactive glass samples were
dependent on the sample morphology. Although
emission intensities of the bioactive glass samples in
the form particles were stronger compared to the
samples in the form of nanofibers, in terms of decay
time analysis nanofibers showed better performance
exhibiting longer average decay times. Previously, it
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Table 3 Decay time measurement results of the studied bioactive glass particles

Sample (particle) 7o Decay time (ns) Std. Dev  Rel. (%) T (ns) Decay time (us)  Std. Dev  Rel. (%)  Tay (1S)
1%Er*™ doped T 1.35 0.0313 55.19 19.17 1.94 0.0741 12.73 9.85
7, 41.10 1.7255 44.81 10.67 0.0417 87.27
5%Tb>* doped T 2.95 0.1522 41.52 21.90 1.15 0.1984 2.98 10.47
7,  35.36 2.5091 58.48 10.76 0.0498 97.02
3%ECT: Th T 342 0.3789 30.65 27.51 1.39 0.1805 3.84 10.46
doped 7,  38.16 3.9903 69.35 10.79 0.0420 96.16
Sample (particle) To Decay time Std. Dev Rel. (%) Tayr (MS)
(ms)
1%Er*™ doped T4 11.23 0.1314 96.32 0.06
T 1250.40 169.4665 3.68
5%Tb>* doped T 6.94 0.3703 2.63 2.97
T 3051.39 249721 97.37
3%ErT: Tb*" 7 21.26 42777 2.98 2.11
doped T 2176.19 67.2413 97.02
Table 4 Lifetime measurement results of the studied bioactive electrospun nanofibers
Sample (nanofiber) 1o Decay time (ns) Std. Dev  Rel. (%) T, (ns) Decay time (us)  Std. Dev  Rel. (%) v (US)
1%Er doped T 2.29 0.0899 44.47 25.18 2.76 0.080 24.29 9.49
7,  43.50 2.5899 55.53 11.65 0.0746 75.71
3%Tb>* doped T 2.29 0.2528 20.32 29.48 1.80 0.1758 8.46 10.66
T, 3642 2.3188 79.68 11.02 0.0802 91.54
5%Ert: Tb** T 3.37 0.4404 28.60 41.26 3.24 0.0913 30.10 11.19
doped T, 5644 8.5892 71.40 15.27 0.1390 69.90
Sample (nanofiber) 7o Decay time Std. Dev Rel. (%) Tave (MS)
(ms)
1%Er doped T 11.08 0.0905 92.17 0.16
Ty 1947.03 119.7026 7.83
3%Tb>* doped T 9.93 0.4002 7.83 2.91
Tr 3151.92 61.5011 92.17
5%Ert: Tb** T 11.81 0.4994 49.87 0.15
doped T 290.95 9.4981 50.13

has been reported that the photoluminescence life-
time excited by electron or laser radiation strongly
varies as a function of the size and morphology of the
particles [42]. Silver et al. [43] investigated the influ-
ence of particle morphology as well as the crystallite
size on the upconversion luminescent properties of
Er’* and Yb*" co-doped yttrium oxide phosphors.
Results revealed that the most intense yellow-green
upconversion emission occurred when the larger size
particles utilized and the cross-relaxation processes
between Er’" ions are responsible for the efficient
upconversion in these larger particles. Kim and Kang

@ Springer

[44] studied on the influence of particle size on pho-
toluminescence emission intensity for ZnO in the
form of powders and nano-rods. The results obtained
from powder samples were similar to those from
nano-rod samples and green emission intensity
greatly increased by the increase in particle size.
Similarly, Lisitsyn et al. [42] reported that for the
ZnWOQOy,, the most extended decay time was recorded
for samples with coarser particles. On the other hand,
in samples with nanoparticles the characteristic
decay times ranged from 5 to 7 ps, that is, much
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Figure 14 SEM micrographs of the bioactive glass samples treated in SBF for 30 days. a 1393 particle, b 5%Er-1393 particle, ¢ 5%Tb-

1393, d 1393 fiber, e 5%Er-1393 fiber, £ 5%Tb-1393 fiber.

smaller compared to the crushed single crystal par-
ticles (t — 15-20 ps).

In the current study, difference observed in pho-
toluminescence properties of 1393 based bioactive
glass samples in the form of particles and fibers can
also be attributed to the differences in their size.
Bioactive glass fiber mats tend to form agglomerated
short fibers after chopping. Compared to the bioac-
tive glass particles with an average particle size
of — 1.5-3.5 pm, rod-like short fiber samples have
smaller diameter and larger rod length. It has been
reported that the electron structure of particles is
strongly sensitive to the local field that is dependent
on the particle size [45]. The change in particle size
causes to change in the band gap of the glass particle
[42]. The luminescence from the bulk of a particle is
evaluated by the periodic potential; on the other
hand, the surface related to photon generation is
affected by the surface energy. When the size of the
near-surface region is close to the size of the bulk, the
photons from both of them affect the luminescence
features. However, if the particulate size gets smaller
compared to the bulk exciton radius, quantum con-
finement effects are observed.

Therefore, in the current study, the difference
observed in PL intensities may be due to the differ-
ence in the energy structure of the samples as well as
the defects based on the size of the nanofibers.
Additionally, fluorescence lifetime may be dependent
on some factors such as polarity and the existence of
the fluorescence quenchers as well as the intrinsic

parameters which are influenced by fluorophore
structure [46]. In addition since PL luminescence
decays with time due to fluorescence emission and
non-radiative processes [47], later may be a factor for
the shorter decay times recorded for the glass
particles.

In vitro bioactivity

Figure 14 depicts the SEM micrographs of the SBF-
treated bioactive glass samples in the form of parti-
cles and nanofibers. Accordingly, there is a second-
phase material formation on the surface of the all
materials, which is presumably a crystalline
hydroxyapatite. The plate-like morphology of the
deposited material is well agreed with the typical
morphology of HA [48, 49]. Results revealed that the
Er’* and Tb>" substitution even at highest concen-
tration (5 wt%) did not cause any deleterious influ-
ence on the HA formation ability of the bioactive
glass samples. Similarly, at other dopant concentra-
tions, a decrease in bioactivity of the glass samples
was not observed compared to the bare 1393 glass.
Based on the SEM micrographs, it was also con-
cluded that HA formation amount on the surface of
the sol-gel derived glass powders was higher com-
pared to electrospun nanofibers. The in vitro bioac-
tivity of the luminescent bioactive glasses prepared in
the study demonstrates their potential to be used in
bone tissue engineering applications.
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Conclusions

Erbium- and terbium-doped 1393 bioactive glass
particles (dsp = ~ 1.5-3.5 pm) and nanofibers (di-
ameter: 280-660 nm) were synthesized using sol-gel
and electrospinning methods, respectively. Lumi-
nescent properties of the Er’* and Tb”"-containing
glass samples have been investigated in comparison
with bare 1393 bioactive glass by steady-state and
time-resolved spectroscopy. Both undoped and
erbium-doped 1393 bioactive glasses exhibited green
luminescence upon excitation at 374 nm. Terbium-
activated samples also demonstrated emissions cen-
tered at 488, 544, 584 and 622 nm. All of the glass
formulations prepared in the study exhibited bi-ex-
ponential decay when excited at 374 nm. The moni-
tored two exponential decay times in the doped glass
samples may be due to the structural characteristics
of the host, the existence of different emission centers
for Er¥* and Tb>", as well as their transitions in the
glass network. Results showed that the optimum
concentration of the activator ions for the 1393
bioactive glass particles was 1 wt% Er’* and 5 wt%
Tb*>" in terms of luminescent intensity. Presence of
the Er’* and Tb" ions in the glass network induced
an enrichment in the decay times and extended decay
times was obtained both in microsecond and
nanosecond time regime measurements as the dopant
concentration was increased. For the 5%Er’*:Tb*" co-
doped bioactive glass nanofibers highest decay times
were recorded as 41.26 ns and 11.19 pus in the
nanosecond and microsecond time regimes, respec-
tively. Results also revealed that bioactive glass
morphology significantly affects the luminescence
emission intensity as well as the decay kinetics. Sol-
gel derived bioactive glass particles exhibited stron-
ger emission intensity whereas electrospun nanofi-
bers showed extended decay times. Er’* and Tb>*
doping did not cause any adverse influence on the
in vitro bioactivity of the prepared glass composi-
tions. Investigating the time-dependent hydroxyap-
atite forming ability and in vitro biocompatibility of
the prepared luminescent bioactive glasses for bone
tissue engineering purposes will be the goal of the
future study.
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