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Abstract

Magnetic mesoporous bioactive glasses with the composition xFe–(80�x)SiO2–15CaO–5P2O5 (mol%) (Fe/MBGs) were prepared by

the non-ionic block copolymer EO20PO70EO20 (P123) surfactant as template and the evaporation-induced self-assembly process using

Ca, P, Si and Fe sources. The structure, morphology and magnetic properties of Fe/MBGs were characterized by X-ray diffraction,

scanning electron microscopy, infrared spectra, vibrating sample magnetometer and N2 adsorption–desorption technique. The results

show that Fe/MBGs have porous network (pore diameter of 50–100 nm), mesoporous walls (mesoporous size of 4–5 nm), and that the

mesostructure, magnetic properties and in vitro bioactivity of the Fe/MBGs depend on the chemical composition. Furthermore, the Fe

incorporation in the MBGs enhanced the magnetic properties, demonstrated sustained drug delivery and maintained apatite-formation

ability in SBF. This means that the Fe/MBGs allowed bioactivity could improve their drug delivery capacity, thus enhancing their

potential applications as bioactive filler materials for bone tissue regeneration.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The applications of mesoporous bioactive glasses (MBGs)
scaffolds as protein/drug carriers and bone filling materials
have drawn growing interest in recent years [1–3]. Compared
with non-mesoporous bioglasses scaffolds, MBGs scaffolds
have much more optimal surface area and pore volume, as
evidenced by its greatly enhanced drug delivery capability,
in vitro apatite mineralization and degradation [4,5]. For
those reasons, most researchers pay attention to the prepara-
tion and application of 3D porous MBGs scaffolds in bone
tissue engineering and the drug delivery system [6–8], and
generally believe that 3D porous scaffolds provide more
advantages to repair large bone defects than the other shapes
of MBGs materials [9,10]. Meanwhile, experiments show that
the other shapes of MBGs materials, such as the magnetic
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. A
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MBGs powders, also have a capacity to improve the in vitro

apatite mineralization and degradation, and can be applied
to the bone tissue engineering and the drug delivery system
[11,12]. Compared with traditional macroporous scaffolds,
the main advantage of the magnetic MBGs powders is that
they possess not only better drug-delivering properties, but
also the ability to fill bone defects of irregular and complex
shapes and sizes [13,14].
Combining the MBGs with magnetic nanoparticles (such as

Fe3O4 and Fe2O3) is of great interest for drug delivery [15,16].
They can carry the drugs and be guided to the targeted organs
or locations inside the body, which will facilitate the ther-
apeutic efficiency and avoid the damage of normal organs or
tissues resulted from the drug toxicity before targeting the
desired positions. Obviously, Fe ions play an important role in
the functioning of the body that an appropriate content
of iron ions effectively enhance bone metabolism, especially
osteoblastic proliferation, differentiation, and calcification [17].
We hypothesized that incorporating Fe ions into the MBGs
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would make it magnetic properties, and at the same time,
influence its mesoporous structure and biological properties.
Therefore, the principal aim of this study was to incorporate
Fe ions into the MBGs to control their drug loading and
release properties. For this purpose, Fe3þ as a substitute for
Si4þ in the MBGs structure was prepared and the effects of
Fe ions on the mesoporous structure and in vitro biological
properties of Fe/MBGs materials were elucidated.
2. Experimental procedures

2.1. Preparation of Fe/MBGs

The Fe incorporated MBGs (xFe–(80�x)SiO2–15CaO–
5P2O5 (mol%)) were prepared by incorporating 3%, 6%
or 9% Fe into MBGs through a sol–gel method [6]. The
chemical composition and amounts of reagents used to
prepare the Fe/MBGs are listed in Table 1. In a typical
synthesis for the 6Fe/MBGs, 4.0 g of P123 (Mw¼5800,
Sigma), 6.1 g of tetraethyl orthosilicate (TEOS, 98%,
Sigma), 1.4 g of calcium nitrate (Ca (NO3)2 � 4H2O),
0.38 g of ferric chloride (FeCl3), 0.73 g of triethyl phos-
phate (TEP, 99.8%, Sigma) and 1.0 g 0.5 M HCl were
dissolved in 60 g of ethanol and stirred at room tempera-
ture for 1 day. The resulting sol was introduced into a petri
dish for an evaporation-induced self-assembly process, and
then the dry gel was calcined at 7001 C for 5 h to obtain
6Fe/MBGs. Others were prepared by the same method
except for their Fe content.
2.2. Characterization of Fe/MBGs

The X-ray diffraction (SAXRD and WAXRD) of samples
was examined on the X-ray diffractometer (XRD, Model D/
MAX-III, Japan) using Cu Ka radiation (l¼1.5406 Å) and
the detective range from 0.51 to 701. The morphology of
samples was inspected on the field-emission scanning electron
microscope (SEM, S-4800, Japan). Fourier transform infra-
red spectra were determined with the infrared spectrophot-
ometer (FT-IR, Nicolet 5700, American) operated at a
resolution of 2 cm�1. Brunauer–Emmett–Teller and Barret–
Joyner–Halenda analyses were used to determine the specific
surface area, the nanopore size distribution and the pore
volume from N2 adsorption–desorption isotherms. Magnetic
measurements were carried out at room temperature using
the vibrating sample magnetometer (VSM, BHV-55, Japan)
with a maximum magnetic field of 20000 Oe.
Table 1

Chemical composition and amounts of reagents for preparation of the Fe/MB

Samples Ca/P/Fe/Si molar ratio P123 (g) Ca(N

0Fe/MBGs 15/5/0/80 4 1.4

3Fe/MBGs 15/5/3/77 4 1.4

6Fe/MBGs 15/5/6/74 4 1.4

9Fe/MBGs 15/5/9/71 4 1.4
2.3. In vitro bioactivity of the Fe/MBGs in SBF

The assessment of apatite-mineralization ability of the
Fe/MBGs was carried out in SBF solution, which was
prepared and buffered at pH 7.4 with tris (hydroxymethyl)
aminomethane [(CH2OH)3CNH2] and hydrochloric acid
(HCl) according to Kokubo and Takadama [18]. Gener-
ally, 0.1 g of the powders was soaked in 100 mL of SBF
solution in a polyethylene bottle at 371 C for 1, 3 and 7
days, with stirring at 160 rpm. After soaking, the Fe/
MBGs were collected from SBF solution, rinsed with
ethanol and dried naturally. XRD, SEM and FTIR
analyses were used to study the evolution of the surface
of the Fe/MBGs.

2.4. Drug loading and in vitro release of aspirin from

Fe/MBGs

Aspirin (Sigma, 99%) served as a model drug, was
dissolved in anhydrous ethanol. 1.0 g of the Fe/MBGs
was added to 25 mL of aspirin anhydrous ethanol solution
with a concentration of 40 mg/mL at room temperature
[19]. The vials were sealed to prevent the evaporation of
ethanol, and the mixture was then stirred for 24 h. The
products were filtered and dried at 601 C. The samples
were named as Fe/MBGs–aspirin. The filtrate was
extracted from the vial and analyzed by UV/vis spectro-
scopy at a wavelength of 268 nm.
0.1 g of the Fe/MBGs–aspirin was immersed into

100 mL of phosphate buffer silane (PBS, pH 7.0) at
371 C, with stirring at 100 rpm for 3, 6, 9, 25, 49, 73, 97,
121 and 169 h. The release medium (5.0 mL) of the sample
was removed for analysis at given time intervals using a
syringe and replaced with the same volume of fresh
preheated PBS. The extracted medium was analyzed by
UV/vis spectroscopy at a wavelength of 268 nm. The
cumulative release of aspirin (%) was calculated using
the equation: aspirin (%)¼ (total amount of aspirin
released/ total loading amount of aspirin loaded)� 100%.

3. Results and discussion

3.1. Characterization of as-prepared Fe/MBGs

In the sol–gel process, using ethanol as phase separation
solvent, the Fe incorporated MBGs was synthesized. Fig. 1
shows the representative SEM images of as-prepared
Fe/MBGs. The samples 0Fe/MBGs, 3Fe/MBGs, 6Fe/MBGs
Gs.

O3)2 � 4H2O (g) TEP (g) FeCl3 (g) TEOS (g)

0.73 0 6.70

0.73 0.19 6.34

0.73 0.38 6.10

0.73 0.57 5.85



Fig. 1. SEM images of as-prepared Fe/MBGs. Scale bar: (a)–(f) for 50 nm. (a) 0Fe/MBGs; (b) 3Fe/MBGs; (c) 6Fe/MBGs; (d) 9Fe/MBGs; (e) 12Fe/

MBGs; and (f) 15Fe/MBGs.

Fig. 2. Small angle (a) and wide angle (b) XRD patterns for as-prepared MBGs with different Fe contents.
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and 9Fe/MBGs all exhibited a porous structure with a
similar small pore size range from 30 to 100 nm. But, this
porous structure is not observed in the samples12Fe/MBGs
and 15Fe/MBGs, indicating partial replacement of Si4þ in
glass network with Fe3þ ions may disrupt the ordered
orientation of SiO4

4� during the self-assembly reaction, thus
modifying the surface morphology. With an increase of Fe/Si
mol ratios in MBGs, the mesoporous structure of bioactive
glass may change or even disappear.

Fig. 2(a) shows the SAXRD patterns of as-prepared
Fe/MBGs. The result shows that the diffraction peak located
at around 2y¼1.251 appears in the sample 0Fe/MBGs,
indexed to the (110) diffractions of a two-dimensional
hexagonal mesostructure. The peak then weakens with
increasing Fe content, implying that the substitution (in part)
of Fe3þ for Si4þ changes the ordered two-dimensional
hexagonal mesostructure. It may be ascribed to the bonds
in [FeO4] tetrahedron that is responsible for the imbalanced
chemical interaction between the [SiO4] tetrahedron layers
or within [SiO4] tetrahedron layers during MBGs formation,
resulting in the mesoporous network would be easily
destroyed. The WAXRD patterns of as-prepared Fe/MBGs
are shown in Fig. 2(b). A broad reflection at 2y¼15–301
associated with amorphous silicate can be noticed in all



Fig. 3. N2 adsorption–desorption isotherms (a) and the pore size distribution (b) of as-prepared Fe/MBGs.

Table 2

The structure parameters of as-prepared Fe/MBGs.

Samples SBET (m2/g) Dp (peak) (nm)

0Fe/MBGs 134 5

3Fe/MBGs 114 4.8

6Fe/MBGs 121 4.1

9Fe/MBGs 84 4.5

Fig. 4. The magnetic hysteresis loops of as-prepared Fe/MBGs.
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XRD patterns of 0Fe/MBGs, 3Fe/MBGs, 6Fe/MBGs and
9Fe/MBGs. Except for 0Fe/MBGs, other Fe/MBGs exhib-
ited the diffraction peaks of Fe2O3 (JCPDS 03-0800) in
Fig. 2(b). The position and relative intensity of diffraction
peaks match well with the standard diffraction data of Fe2O3

powder, which indicated the Fe2O3 phase borned.
The results of N2 adsorption–desorption analysis of as-

prepared Fe/MBGs are shown in Fig. 3 and Table 2. The
isotherm of Fe/MBGs can be classified as type IV isotherms
characteristic of mesoporous materials, but it displays different
hysteresis loop in the range of 0.98–1.0P/P0. The 0Fe/MBGs
exhibit a hysteresis loop of type H1, while other Fe/MBGs
show a hysteresis loop of type H3. The corresponding pore
size curves of Fe/MBGs show a narrow pore size distribution
range from 4 to 5 nm. It was interesting to note that the
mesoporous size was affected by the incorporation of Fe,
decreasing from 5 nm (0Fe/MBGs) to 4.1 nm (6Fe/MBGs).
BET analysis showed that the specific surface areas of the 0Fe/
MBGs, 3Fe/MBGs, 6Fe/MBGs and 9Fe/MBGs were 134,
114, 121 and 84 m2 g-1,respectively. Thus, it can be seen that
mesoporous size and specific surface area of bioactive glass
have been changed by the introduction of iron. While the
sample 6Fe/MBGs has relatively higher specific surface area
and smaller mesoporous size compared with the other samples
doped with iron.
Fig. 4 shows the magnetic hysteresis loops of the
samples with different contents of Fe measured at room
temperature. It was found from Fig. 4 that the Fe/MBGs
exhibit a ferromagnetic behavior not a superparamagnetic
behavior because of the formation of Fe2O3. The satura-
tion magnetization of the samples increased with an
increase of Fe content. 9Fe/MBGs had a more obvious
hysteresis loop than the others.

3.2. In vitro bioactive of as-prepared Fe/MBGs in SBF

The bioactive characteristic of the MBGs is their ability
to bond with living bone through the formation of an
apatite layer on their surface both in vitro [20,21]. In this
study, XRD, SEM and FTIR spectra were conducted to
evaluate the apatite-mineralization ability of the Fe/



Fig.5. XRD patterns of as-prepared Fe/MBGs before and after soaking in SBF for 7 days.
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MBGs. Fig. 5 shows the XRD patterns of as-prepared
0Fe/MBGs, 3Fe/MBGs, 6Fe/MBGs and 9Fe/MBGs
before and after soaking in SBF solution at 371 C for 7
days. After 7 days, the presence of a broad reflection at
2y¼18–251 is due to the amorphous silicate. Noticeably,
for sample 0Fe/MBGs after 7 days, the diffraction peaks at
2y¼25.91, 29.11, 31.91, 33.61, 39.71, 49.61 and 64.31 appear
in the XRD pattern (Fig. 5), which can be assigned to the
(002), (210), (211), (300), (310), (213) and (323) diffraction
of crystalline apatite phase. This implies that sample 0Fe/
MBGs already has good apatite-mineralization ability.
While for other samples, the corresponding diffraction
peaks of crystalline apatite phase were covered with
diffraction peaks of crystalline Fe2O3 phase. It would be
difficult to distinguish where the diffraction peaks of
crystalline apatite phase were and whether the crystalline
apatite phase formation occurs in the process of soaking in
SBF solution at 371 C for 7 days. Nevertheless, it can still
deduce that the mineral hydroxyapatite matrix might form
from the decreased intensities of the diffraction peaks of
Fe/MBGs.

Fig. 6 shows the SEM images of as-prepared 0Fe/
MBGs, 3Fe/MBGs, 6Fe/MBGs and 9Fe/MBGs after
soaking in SBF for 3 and 7 days. It can be observed that
a layer composed of needle-shaped crystallites fully cov-
ered the surface of the sample 0Fe/MBGs during the
soaking period. The MBGs with different Fe compositions
still maintained the porous structure after 3 and 7 days
soaking in SBF, and only the porosity of the surface
decrease. It is hard to clearly observe the hydroxyl
carbonate apatite layer on the surface of Fe/MBGs. The
results show that the glass network connection degree of
MBGs has been modified by the introduction of Fe with
different amounts, in turn, influences the ability of the
deposition of hydroxyl carbonate apatite in SBF.
Fig. 7 shows the FTIR spectra of as-prepared 0Fe/

MBGs, 3Fe/MBGs, 6Fe/MBGs and 9Fe/MBGs before
and after soaking in SBF for 7 days. The peaks at 1070,
789 and 467 cm�1 are assigned to the Si–O–Si vibration
bands. After soaking in SBF solution for 7 days, the
vibrational bands of hydroxyl carbonate apatite were
detected besides the Si–O–Si bands. The vibrational peaks
at 980 cm�1 assigned to C–O vibration bands, and the
vibrational peaks at 606 and 567 cm�1 assigned to P–O
vibration bands, can be clearly observed for all samples.
While the vibrational peaks at 603 and 564 cm�1 assigned
to Fe–O vibration bands can be distinctly observed only
for the samples 3Fe/MBGs, 6Fe/MBGs and 9Fe/MBGs.
Meanwhile, with the increase of the Fe content, the
intensities of P–O vibrational peaks for the samples 3Fe/
MBGs, 6Fe/MBGs and 9Fe/MBGs were much stronger
than that of 0Fe/MBGs. This may owe to the super-
position effect of characteristic peaks of Fe–O and P–O
bands at 600–560 cm�1 wavenumber range.

3.3. Loading and in vitro release of aspirin from the Fe/MBGs

Drug delivery represents another major challenge for
bioactive filler materials applicable for bone tissue engi-
neering. In this study, aspirin was used as a model drug to
monitor the drug loading and release kinetics of the Fe/
MBGs. Aspirin, as a target drug, could potentially be



Fig. 6. SEM images of 0Fe/MBGs (a) before, (b) and (c) after; 3Fe/MBGs (d) before, (e) and (f) after; the 6Fe/MBGs (g) before, (h) and (i) after; the

9Fe/MBGs (j) before, (k) and (m) after, soaking in SBF for 3 and 7 days. Scale bar: (a)–(m) for 50 nm.

Fig. 7. FTIR spectra for as-prepared Fe/MBGs before and after soaking

in SBF for 7 days.
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applied in fracture repair to minimize inflammation by
virtue of its anti-inflammatory function. Fig. 8 shows the
typical FTIR spectra of aspirin and as-prepared 0Fe/
MBGs before and after loading aspirin. After loading
aspirin, the sample 0Fe/MBGs–aspirin shows bands at
1420, 1557 and 1585 cm�1 corresponding to the C–H
bending vibration in the aspirin molecules. One band at
1756 cm�1 ascribed to carbonyl group of aspirin is still
present on the spectrum, which also indicates that aspirin
does not degrade. Therefore, it proves that aspirin has
been loaded in the Fe/MBGs as well.
Fig. 9 shows the accumulative aspirin release from the

samples 0Fe/MBGs, 3Fe/MBGs, 6Fe/MBGs and 9Fe/
MBGs in PBS. It can be observed that all these samples
presented a similar release behavior during the whole
period, which is a two-step release behavior, an initial
burst release followed by a relatively slow release. And the
aspirin release from Fe/MBGs was slower in the first 12 h
and the accumulative release of aspirin is lower for 7 days
except the sample 3Fe/MBGs compared with sample
undoped iron. The most likely explanation for this is that
the partial replacement of Si4þ in glass network with Fe3þ



Fig. 9. Aspirin release from Fe/MBGs with different Fe contents.

Fig. 8. FTIR spectra of aspirin and 0Fe/MBGs before and after loading

aspirin.
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ions would disrupt the ordered orientation of SiO4
4�, or Fe

ions in MBGs could form the second phase (Fe2O3)
distributing on the grain boundary, which is possible to
modify the mesoporous structure and slow the drug
release. Therefore, the aspirin release can be controlled
by controlling the contents of Fe in MBGs, and a higher
Fe content would result in a slower release of aspirin
(Fig. 9).

4. Discussion

The magnetic MBGs with different proportions of Fe
ions have been prepared by a combination of P123
surfactant as co-templates and evaporation induced self-
assembly process. The effects of Fe ions on the mesopore
structure, magnetic properties, biological properties and
drug delivery of MBGs have been investigated. Incorpor-
ating Fe into MBGs endowed them magnetic, as expected,
improved their biological properties and, at the same time,
had the capability of sustained drug delivery.
Magnetic MBGs would be used for the hyperthermia
treatment to kill the diseased cells, which is prepared by
replacing Si4þ with Fe3þ in the MBDs structure. The
magnetic properties are provided by the MBGs compo-
nents that increased with the increase of Fe content. The
temperature required damaging or killing cancer cells is
more than 421 C that depends on the magnetic field
intensity of both the material and the external magnetic
field [4,22]. This means adjusting Fe content could control
the saturation magnetization of Fe/MBGs that is a very
helpful way to control and create the temperature needed
to destroy diseased cells. Therefore, the as-prepared Fe/
MBGs with hyperthermia therapy and local drug release
properties might be able to improve healing ability upon
the bone disease compared with single therapy method.
To study the in vitro bioactivity of as-prepared Fe/

MBGs, the apatite formation ability in SBF was investi-
gated. From the results of XRD, SEM and FTIR, we can
see the Fe contents play an important role to influence the
apatite-mineralization ability of the Fe/MBGs in SBF. The
needle-shaped apatite layer with a certain thickness could
be formed on 0Fe/MBGs after soaking 3 and 7 days in
SBF solution. Nevertheless, it is hard to clearly observe the
apatite layer on the surface of Fe/MBGs with increasing
the Fe content. Only the surface microstructure of Fe/
MBGs was changed. According to the mechanism of
apatite formation on the silicate bioactive glass, more Ca
ions in SBF and more Si–OH groups on the silicate
bioactive glass facilitate the apatite formation [23,24]. In
this study, the Fe3þ ions replaced Si4þ ions in the Fe/
MBGs, less Si–OH ions released from the Fe/MBGs with
the increase of the Fe content, which may change the
apatite formation on the surfaces of the Fe-incorporated
MBGs. On the other hand, it also shows that the bioactive
glass surface induced the formation of apatite are slower
because of the Fe incorporating. However, the incorpora-
tion of Fe into MBG may be still an effective method to
prepare magnetic bioactive composite materials.
The mesoporous structure is important for drug loading

and delivery. Our data show that the mesoporous size and
specific surface area of bioactive glass have been modified
by the introduction of iron. The sample 6Fe/MBGs has a
higher specific surface area (121 m2 g�1) and a smaller
mesoporous size (4.1 nm) compared with the other samples
doped with iron. The Fe ions, as a kind of modifier into the
mesoporous glass network are positive correlation with its
þ3 valence and 4 coordination numbers, so a fraction of
the Fe ions could occupy the core of tetrahedral sites.
Based on the glass theory, the oxygen–silica ratio has been
calculated. According to calculations, oxygen–silica ratios
in the sample Fe/MBGs are lower than that in 0Fe/MBGs,
indicating the number of bridging oxygen in the Fe/MBGs
was higher than that in 0Fe/MBGs. The results show that
the addition of Fe ions could strengthen the connection
degree of the glass network and stimulate vitrification
process. So, the mesoporous structures of Fe/MBGs are
strongly modified by the Fe doping amount. Although the
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incorporation (less than 9 percent) of Fe into MBGs
partially changed the mesoporous structure, they still have
a certain specific surface area, indicating that they have the
ability to adsorb the drugs and subsequently maintain
sustained release.

5. Conclusions

The Fe contained bioactive inorganic mesoporous
glasses (Fe/MBGs) were prepared using a sol–gel method.
The incorporation of Fe ions into MBGs plays an
important role in influencing the mesoporous structure,
magnetic and biological properties. In addition, the pre-
pared Fe/MBGs maintain sustained drug delivery, which
indicates that as-prepared Fe/MBGs have the potential as
a targeted release material. This may be a effective way
combine the magnetic properties with the advantage of
bioactive inorganic mesoporous glass in the bone tissue
engineering to treat bone disease. However, the sol–gel
process affects the magnetic properties of Fe/MBGs.
Magnetic measurements carried out in the Fe/MBGs
showed that the maximum saturation magnetization at
room temperature was 0.5 emu/g for an applied field of
20,000 Oe. Further studies will be conducted to investigate
how to obtain a higher surface area, improve the magnetic
properties of Fe/MBGs and observe their function of drug
release with hyperthermia treatment for preventing and
curing bone disease.
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