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Abstract Luminescent europium-containing bioactive
glasses (EuBG) based on the 58 %Si0,-33 %CaO-
9 %P,0s5 (in mass, %) system were synthesized using sol—
gel technique by adding Eu,Oj in silica network. The
structural, textural and optical properties, as well as in vitro
bioactivity and biocompatibility of the material were
characterized using various methods. The results show that
all the Eu-containing bioactive glass materials exhibit an
amorphous structure, large specific surface area, relatively
uniform pore size distribution and high in vitro bioactivity,
similar to the conventional sol-gel bioactive glass. More
importantly, the addition of Eu,03; endow the material with
a luminescent property even after immersion in aqueous
solution and the luminescent intensity increases with the
increase of Eu,O3 content. The cytotoxicity assay indicates
that pure EuBG extract significantly inhibit the growth of

G. Miao - X. Chen (<)) - C. Mao - X. Li - Y. Li - C. Lin
School of Materials Science and Engineering, South China
University of Technology, Guangzhou 510641, People’s
Republic of China

e-mail: chenxf@scut.edu.cn

G. Miao
e-mail: miaoguohou@ 126.com

G. Miao - X. Chen - C. Mao - X. Li - Y. Li

National Engineering Research Center for Tissue Restoration
and Reconstruction, Guangzhou 510006, People’s Republic of
China

G. Miao - X. Chen

Guangdong Province Key Laboratory of Biomedical
Engineering, South China University of Technology, Guangzhou
510006, People’s Republic of China

C. Lin

Department of Burn, The First Affiliated Hospital of Wenzhou
Medical College, Wenzhou 325000, People’s Republic of China

@ Springer

rat marrow mesenchymal stem cells (rMSCs), while 25 %
concentration of the extract diluted by culture medium
could significantly improve the proliferation of rMSCs in
comparison with pure medium. According to the above
results, the material presents excellent apatite-forming
activity, luminescent property and biocompatibility, dem-
onstrating their potential applications in the fields of bone
regeneration and drug delivery system.

Keywords Sol-gel - Bioactive glass - Bioactivity -
Luminescent property - Cytotoxicity

1 Introduction

Since the first discovery of Bioglass® in the 1970s by
Hench [1], bioactive glass (BG) and glass—ceramics have
been widely studied as bone repair and tissue engineering
materials [2, 3] because of their unique ability to chemi-
cally bond with both hard and soft tissues through a bone-
like apatite layer formed on their surfaces [4, 5]. More
remarkably, recent studies demonstrated that the dissolu-
tion ions released from BG could promote proliferation and
differentiation of osteoblasts by activating a series of genes
that control cellular response [6—8]. Sol-gel technique can
be used to synthesize porous materials with high purity in a
moderate reaction condition, which greatly improves
physicochemical properties and bioactivity of BG since the
first preparation of sol-gel BG in 1990 [9-11]. The sol-gel
BG exhibits a superior in vitro apatite-forming ability and
higher surface areas because of their internal microporous
and mesoporous structure [12—15] compared with the tra-
ditional melting-derived BG, demonstrating a promising
application potential in the field of bone tissue repair and
drug delivery system.
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It is well known that the bioactivity, mechanical and
biological properties of BG are mainly related to their
textures and chemical compositions which can be easily
tuned by changing preparation method and introducing
other metal elements (such as Mg, Sr, Zn, Cu, Li, Zr, etc.)
that may play a special role on stimulating biological
response of cells [16-22]. Sol-gel technique makes it easy
to incorporate these functional ions into the silica-based
biomaterials and many researches about ion-doped BG
have been reported as described previously. Recently,
lanthanide-containing luminescent biomaterials such as
hydroxyapatite [23] and silica nanoparticles [24, 25] have
attracted considerable attention as biological imaging
agents and drug carriers owing to their non-toxicity and
high stability compared to other materials (e.g. quantum
dot and carbon nanotube). Shruti et al. [26] synthesized a
kind of mesoporous bioactive scaffolds with cerium-con-
taining glass. Meanwhile, europium-containing lumines-
cent bioactive glass (EuBG) has been studied as a drug
carrier using ibuprofen (IBU) as a model drug. The results
showed that the luminescence intensity emitted by EuBG
can be applied to track and monitor the cumulative released
amount of IBU [27], suggesting a potential application in
drug delivery system. However, few researches have
focused on the effects of the introduction of Eu,Os; on
structure, in vitro bioactivity and biological properties of
BG. In this study, we aimed to synthesize a series of Eu-
containing BG by sol-gel method with the addition amount
of Eu,03 within 1 wt% to reduce the potential cytotoxicity
when exposed to in vivo environment and examine their
physicochemical properties, in vitro bioactivity and
cytotoxicity.

2 Experimental
2.1 Synthesis of Eu-containing bioactive glasses

Tetraethyl orthosilicate (TEOS), triethyl phosphate (TEP),
Ca(NOs3),-4H,0 were purchased from Guangzhou Chemi-
cal Reagent Factory Co. Ltd (Shantou, PR China) and
Eu(NO;);-6H,O was obtained from Shanghai Diyang
Chemical Ltd. All chemical reagents were analytical grade
without further purification. The luminescent sample with a
mass composition of 58 %Si0,—(33-x) %Ca0O-9 %P,0s—
X %Eu,05 (x =0, 0.3, 0.5, 0.7, 1, denoted as EuBG-0,
EuBG-0.3, EuBG-0.5, EuBG-0.7, EuBG-1) was prepared
by common sol-gel method according to the literature with
some modification [28]. In a typical synthesis of EuBG-1,
TEOS (6.6 g), TEP (0.65 g), CN (4.04 g) and EN (0.076 g)
were added in order every 30 min into the mixture solution
of deionized water (4.2 ml) and hydrochloric acid (0.7 ml,
2 M) under continuous stirring. The resulting solution was

kept at room temperature for 3 day for aging and gelation.
The obtained gel was dried at 60 and 120 °C for 3 day,
respectively. After that, the dried gel was calcined at
700 °C for 3 h (5 °C/min) in air. Finally, the EuBG-1
particles (below 74 pm) were collected by grinding and
sieving using a sieve shaker for further characterization. In
addition, the other Eu-containing samples were also syn-
thesized using the same method by adding different
amounts of Eu(NO3);-6H,0.

2.2 Characterization

The thermal behavior of the dried gel was characterized by
thermogravimetry (TG) and differential thermal (DTA)
analyses. The TG and DTA curves were obtained on a
simultaneous thermal analyzer (Netzsch STA449C/3/MFC/
G) under a nitrogen atmosphere at a heating rate of 10 K/
min from room temperature up to 1,200 °C. X-ray dif-
fraction (XRD) analysis were obtained on a Philips X’ Pert
PRO diffractometer equipped with Cu Ko (A = 0.154 nm)
radiation. N, adsorption/desorption isotherm was recorded
on a pore size and surface area analyzer (NOVA 4200e,
Quantachrome) at 77 K. Samples were outgassed for 4 h at
250 °C before the N, adsorption/desorption analysis. The
surface area was calculated by the Barrett—Emmett—Teller
(BET) method and the pore size distribution was deter-
mined from the desorption branch of the isotherms by
Barrett—Joyner—Halenda (BJH) method. The excitation and
emission spectra were collected on a fluorescence spec-
trophotometer (Hitachi F-7000) equipped with a 150 W
xenon lamp as excitation source. Powder Fourier transform
infrared spectroscopy (FTIR) analyses were performed on a
Fourier transform infrared spectrometer (Nicolet Nexus,
USA) using KBr pellet method in the scanning range of
4,000-400 cm ™', Scanning electron microscopy (SEM)
analyses were carried out on a Nova NanoSEM 430
(Netherlands) microscope.

2.3 Assessment of in vitro bioactivity

The assessment of in vitro bioactivity was carried out in
simulated body fluid (SBF) solution as described by Kok-
ubo et al. [29]. The ionic concentrations and buffering
capacity of the SBF solution were similar to those of
human blood plasma. The initial pH value of SBF solution
was set at 7.40. 200 mg of samples were soaking in 200 ml
SBF solution in polyethylene containers which were placed
in a shaking incubator with a constant shaking speed of
120 rpm at 37 °C. After soaking for different times, the
samples were collected by filtration and rinsed by acetone
and deionized water three times, respectively, and then
dried at 60 °C in air. The apatite formed on the surface was
detected by FTIR, XRD, SEM. The ionic concentrations of
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the supernatant were analyzed by inductively coupled
plasma atomic emission spectrometry (ICP-AES, Perkin-
Elmer Optima 5300DV, USA). Additionally, changes in
pH value were also monitored by a pH meter (Basic pH
meter PB-10, Sartorius).

2.4 In vitro cell viability assay

The cytotoxicity of EuBG was performed by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyitetr-azolium bro-
mide (MTT) assay using EuBG-1 extract. The seventh
passage of rMSCs was used for the test. The extract was
prepared as follows: EuBG-1 was immersed into Dul-
becco’s modified Eagle’s medium (DMEM) at a ratio of
10 mg/ml for 24 h at 37 °C. After centrifugation, the
supernatant was filtrated by a sterilized microporous
membrane filter (0.22 um) and then diluted into different
concentrations (100, 50, 25 %) by DMEM. After that, each
extract was supplemented with 10 % fetal bovine serum
(FBS). Cells were seeded in 96-well culture plate
(4 x 10° cells/well) and incubated for 2 h at 37 °C in a
humidified atmosphere of 95 % airand 5 % CO, to allow cells
to adhere on the culture plate. Then, 200 pl of each diluted
extract was added to each well and pure DMEM was used as
control. After incubation for 1 and 3 days, 20 pul of MTT
(5 mg/ml) was added to each well, followed by incubation at
37 °C for 4 h. Then the media was removed and 150 pl of
dimethyl sulfoxide (DMSO) was added. The absorbance was
measured at 490 nm using a microplate reader (Thermo 3001,
Thermo Co., USA). Three specimens for each culture time
point were tested and each test was performed in triplicate.
The data were expressed as mean =+ standard deviation and
were analyzed using student’s ¢ test (*p < 0.05 was consid-
ered statistically significant).

3 Results and discussion
3.1 Thermal, textural and luminescent properties

The TG/DTA curves of EuBG-0 and EuBG-1 dried gels are
shown in Fig. 1. It can be seen that these two samples
exhibit similar thermodynamic process. About 5 % of total
mass is lost before 170 °C, which can be attributed to the
removal of physically absorbed water and ethanol. After
that both the samples undergo two dramatic mass loss
processes. The first mass loss (15 wt%) between 170 and
350 °C corresponding to an endothermic peak (at 260 °C)
in the DTA curve is caused by the decomposition of
residual organics. The second mass loss (about 22 wt%)
starts at 350 until 700 °C with an obvious endothermic
peak at 550 °C, which is ascribed to the elimination of
nitrates. Finally, the mass remains almost constant up to
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Fig. 2 XRD patterns of EuBG after calcined at 700 °C for 3 h.
a EuBG-0, b EuBG-0.3, ¢ EuBG-0.5, d EuBG-0.7, ¢ EuBG-1

1,200 °C, two small exothermic peaks around 947 and
1,043 °C may be attributed to the crystallization of CaSiO3
(B-wollastonite) and cristobalite [30, 31]. According to the
results of TG/DTA curves, the stabilization temperature is
set at 700 °C in order to completely eliminate the organic
residuals and nitrates and maintain an amorphous structure.
Figure 2 shows XRD patterns of EuBG after heated at
700 °C for 3 h. A broad peak at 20-30° (20) associated
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Fig. 3 N, absorption—desorption isotherms and pore size distribution curves (inser)

with amorphous silicate and a weak crystallization peak at
20 = 32° corresponding to the (211) reflection of apatite
phase were detected in the XRD patterns of all samples,
which demonstrates that all materials mainly shows glassy
structure with partially crystallized phosphates.

The adsorption/desorption isotherm and pore size dis-
tribution curves of EuBG are shown in Fig. 3. All sam-
ples exhibit type IV isotherms with H3-type hysteresis
loops associated with slit-shaped pores according to the
IUPAC classification [32, 33]. All the pore size distribu-
tion curves (the inset of Fig. 3) show a single-peak dis-
tribution located in the mesoporous range. The specific
surface areas, average pore diameter and total pore vol-
ume of EuBG are summarized in Table 1. It can be found
that the surface areas of Eu-containing glasses except
EuBG-0.7 are slightly lower than EuBG-0. Meanwhile,
Eu-containing glasses exhibit increased total pore volume
and average pore size in comparison with EuBG-O0.
Remarkably, sample EuBG-0.7 has the largest surface
area, average pore size and total pore volume. The
increase of pore diameter and pore volume may be due to
the changes of Si—O-Si framework caused by the addition

Table 1 The specific surface area, pore volume and average pore
diameter

Materials Specific Average Total
surface pore diameter pore volume
area (ngfl) (nm) (cclg)

EuBG-0 85.01 12.26 0.26

EuBG-0.3 80.09 14.68 0.29

EuBG-0.5 78.19 13.75 0.27

EuBG-0.7 86.35 15.01 0.32

EuBG-1 81.07 14.39 0.29

of Eu** cation which possesses higher charges and much
smaller ion radius compared with Ca®" cation. Two Eu’**"
cations are needed three Ca®" cations to keep the charge
balance, which leads to the increase of non-bridge oxygen
bond and increase the pore size and pore volume. The
smaller ion size of Eu’" has a stronger electrostatic effect
which may tighten the network and decrease the surface
areas. The pore structural parameters of the material are
the combing results of these two effects, which may be
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Fig. 4 Excitation (a) and emission (b, ¢) spectra of EuBG

results in the largest surface area, the pore diameter and
the pore volume of EuBG-0.7. Therefore, to some extent,
the pore structure parameters of samples can be tuned by
changing the adding amount of Eu,Oj3.

The photoluminescence (PL) spectra of EuBG powders
before and after immersion in SBF are shown in Fig. 4.
The excitation spectra were monitored by *Dy—F, transi-
tions of Eu’" jon at 616 nm (Fig. 4a). All Eu-containing
glasses exhibit a maximum excitation peak at 394 nm
("Fo — °Le) and other typical fluorescence spectra of Eu**
at 360 nm ('F, — °D,), 382 nm ('F, - G,), 464 nm
("Fy —» °D,) [23, 34]. However, no excitation peaks are
observed in normal sol-gel BG. The emission spectra were
detected under the excitation at 394 nm (Fig. 4b). The
results show that all Eu-containing glasses present two
emission peaks at 592 and 616 nm corresponding to
5DO — 7Fj transitions (j = 1, 2) of Eu** but no emission
peaks can be found in EuBG-0 sample. It can also be found
that the emission intensity gradually increase with the
increase of Eu,03 content. It is worth noticing that the
samples still show an obvious PL emission property even
after soaking in SBF for 12 h (Fig. 4c), implying a
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potential application in the fields of drug delivery based on
their luminescent and porous properties.

3.2 In vitro bioactivity assays

Figure 5 summarizes the FTIR spectra of EuBG before and
after soaking in SBF. Before soaking in SBF (Fig. 5a), the
spectra are similar and present characteristic absorption
bands of Si—O-Si bonds at 1,060, 798 and 465 cm~! which
are respectively assigned to Si—O-Si asymmetric stretching
vibration, Si—-O symmetric stretching and Si—-O-Si sym-
metric bending vibrations. The weak double peaks at 605 and
566 cm™' are P-O bending vibrations of phosphate in
crystalline phases, which are corresponded to the XRD dif-
fraction peak at 20 = 32 °C. After soaking in SBF for 2 h
(Fig. 5b), the intensities of absorption peaks at 605 and
566 cm™ ! are intensified and a new P-O vibrational band
near 963 cm ™! is detected, indicating the formation of a
crystalline apatite layer. Moreover, the relatively weak
characteristic peaks of carbonate groups at 1,450, 1,413 and
873 cm™ ! are also detected after 2 h of soaking in SBF. The
FTIR results of the samples after soaking in SBF for 2 h
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Fig. 6 XRD patterns of EuBG after soaking in SBF for 2 h (a) and EuBG-1 for different times (b)

indicate the newly formed apatite is hydroxyl-carbonate
apatite (HCA). In addition, the intensities of HCA charac-
teristic peaks gradually increase over time (Fig. 5c¢), indi-
cating more and more HCA formed on the glasses surface.
Figure 6 shows the XRD patterns of EuBG after
immersion in SBF for different times. Comparing with the

samples before soaking in SBF (Fig. 6a), new peaks at
20 = 26°, 39°, 47° and 49° are observed after immersion in
SBF for 2 h, which are assigned to (002), (310), (222) and
(213) reflections of hydroxyapatite (HA) (PDF number
09-0432). Compared with Eu-containing glasses, EuBG-0
exhibits more obvious characteristic peaks of apatite,
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Fig. 7 SEM micrographs of
EuBG-0 (a) and EuBG-1

(b) before soaking in SBF;
micrographs of EuBG-1 after
soaking in SBF for (c) 2 h,

(d) 24 h, (e) 120 h; micrographs
of EuBG-0.3 (f), EuBG-0.5 (g),
EuBG-0.7 (h) after soaking in
SBF for 120 h
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times at 37 °C

demonstrating its faster apatite-forming rate. This can be
explained that EuBG-0 has a higher CaO content than other
Eu-containing samples because the hydroxyapatite forma-
tion rate of conventional sol-gel glasses is closely related
to their chemical compositions and accelerate as the
increase of CaO and P,Os content. With the increase of
soaking time, the XRD diffraction peaks become more and
more intense indicating the growth of HA layer (Fig. 6b).

The surface morphologies and microstructures of EuBG
before and after soaking in SBF were characterized by

SEM. As shown in Fig. 7, EuBG-0 presents a relatively
smooth surface with lots of nanoscale particles before
soaking in SBF (Fig. 7a) and EuBG-1 exhibit a similar
surface structure (Fig. 7b). For EuBG-1, after soaking in
SBF for 2 h, a rod-like apatite layer are observed on the
surface (Fig. 7c), which are weak crystalline HCA
according to the results of XRD and FTIR. After 24 h of
immersion, the surface of EuBG-1 is completely covered
by a worm-like HCA layer (Fig. 7d). As the immersion
time extends to 120 h, the HCA developed into a flake-like
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morphology (Fig. 7e). The same morphology of HCA is
also observed in other Eu-containing BG (Fig. 7f-h).
Based on the results of XRD, FTIR and SEM, the Eu-
containing BG still possesses excellent apatite-forming
ability equivalent to normal sol-gel BG, suggesting their
promising application in bone regeneration.

The ionic concentrations and pH values in SBF solution
as a function of soaking time for EuBG-0 and EuBG-1 are
shown in Fig. 8. For Si concentration, after 2 h of rapid
release, EuBG-0 and EuBG-1 reach the maximum of 47
and 54 ppm after 24 and 12 h of immersion, respectively.
The release profile of Ca** ion and pH plot show a similar
trend with Si release curves, and almost all the values at
each time point released from EuBG-1 are a little higher
than EuBG-0. During the first 12 h of immersion, P con-
centration displays a dramatic decrease due to the fast
consumption caused by the formation of apatite, and then
remains at a low level. During 7 day of soaking, there is no
detection of Eu ion released from EuBG-0 while Eu con-
centration in SBF after immersion of EuBG-1 increases at
2 h and then keep increasing after a slight decrease during
12-24 h which may be due to the deposition of a small
amount of Eu ions on the surface by electrostatic interac-
tion with phosphate ions. Unfortunately, it is not easy to
confirm the existence of Eu-containing apatite subjected to
the detection limit of available technology.

3.3 Cytotoxicity test

Previous studies have demonstrated that ordered meso-
porous Eu-containing BG exhibited potential biomedical
application as drug carriers. Nevertheless, effects of Eu-
containing BG on cell viability have not yet been studied.
In this study, a preliminary experiment on cellular bio-
compatibility of EuBG was carried out by co-culturing
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rMSCs with diluted EuBG-1 extracts. MTT tests were used
to quantitatively determine the cell proliferation after cul-
tured with the extracts. Figure 9 shows that all the extracts
have a positive impact on tMSCs’ growth after cultured for
1 day, especially for 50 and 25 % extracts which can sig-
nificantly promote cell proliferation in comparison with the
control group. After incubation for 3 days, 100 % extracts
display a negative impact on the rMSCs’ proliferation,
which may be due to an inhibitory effect caused by the high
concentration of ions, while the other extracts (50 and
25 %) show a promoting effect in cell viability. Moreover,
the 25 % extract shows a significantly greater cell prolif-
eration activity than the control group. From the above
results, it is reasonable to say that ionic concentration has a
great effect on rMSCs proliferation with low concentra-
tions of ionic products presenting improved cell prolifera-
tion ability, which suggests that the dosages of EuBG
should be carefully controlled in vitro cytological studies.

4 Conclusion

In this study, Eu-containing BG was successfully prepared
and the physicochemical properties and cytotoxicity were
investigated. Compared to Eu-free BG, the prepared EuBG
exhibits amorphous structure and excellent in vitro apatite-
forming ability. Additionally, the Eu-containing BG emits
red luminescence of Euv’" (°Dy, — 7F1_2) under UV irra-
diation even after immersion in SBF, and the fluorescence
intensity can be regulated by changing Eu,O; content.
Also, MTT assay shows that the cell viability is sensitive to
ionic concentration of EuBG extracts. Therefore, the Eu,O5
contents should be controlled in a certain range so as to
maintain the biocompatibility of EuBG.
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