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Abstract Mesoporous bioactive glasses (MBGs) of the
Ca0-SiO,—P,05 system containing relatively high P,Os5
contents (10-30 mol%) were prepared from a sol-gel. An
evaporation-induced self-assembly (EISA) technique was
used with poly(ethylene oxide)-block—poly(propylene
oxide)-block—poly(ethylene oxide) (EO,;—PO;¢—EO,,
P123) acting as a template. The structural, morphological
and textural properties of MBGs were investigated by
small-angle X-ray diffraction (SAXRD), transmission
electron microscopy (TEM), Fourier transform infrared
(FTIR) spectroscopy and a N, sorption/desorption tech-
nique. SAXRD and TEM results display the reduced long-
range ordering of mesopores with increasing P,Os content.
N, sorption/desorption analysis shows that all three sam-
ples exhibit a type IV isotherm with type HI hysteresis
loops, characteristic of independent cylindrical slim pore
channels and this material has a Barret-Joyner—Halenda
(BJH) model pore size of ~4 nm and BET specific surface
area ~430 m*/g. NMR results indicate a more condensed
framework for samples with 30 mol% P,Os than samples
with 10 mol% P,0s. For in vitro bioactivity tests where
samples were soaked in simulated body fluid (SBF), sam-
ples with 30 mol% P,Os showed higher crystallinity than
those with lower P,Os contents Silicon concentration
increased in SBF solution during the soaking period, which
indicates MBGs can be degradable in SBF solution.
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1 Introduction

Recently, silicate-based bioactive materials have been
intensively researched due to their advantages over con-
ventional materials in a broad range of applications [1].
These bioactive materials have an ability to chemically
bond to living bone through a stable apatite layer in a
biological environment [2]. The presence of silanol and
hydrated silica would be the prerequisite for the formation
and nucleation of the apatite [3]. As compared to the tra-
ditional melt-quenching technique, new synthetic tech-
niques, which include the sol-gel method using an
evaporation-induced self-assembly (EISA) process, can
adjust material properties such as surface area, ordered
mesoporous structure, tunable pore size and volume [4].
Generally, EISA process starts with a homogeneous solu-
tion of soluble silica and surfactant prepared in ethanol/
water solvent with ¢, < cmc, the evaporation of ethanol
concentrates the depositing film in water and nonvolatile
surfactant and silica species. The progressively increasing
surfactant concentration drives self-assembly of silica-
surfactant micelles and their further organization into
liquid-crystalline mesophases [5—7]. After nucleation and
orientation, mesophases developed into highly oriented
mesostructures with respect to the substrate surface [8, 9].
Through variation of the initial alcohol/water/surfactant
mole ratio it is possible to obtain different final meso-
structures [10]. For example, Zhao and his co-workers
[11-14] prepared mesoporous bioactive glasses (MBGs)
with hexagonally ordered mesopores using ionic or non-
ionic surfactant templates. This MBG was used to immo-
bilize proteins or drugs with molecule sizes ranging from 2
to 30 nm [15]. Yan et al. [13] synthesized a series of highly
ordered MBGs with various CaO contents and observed
higher apatite formation rate with increasing CaO content.
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Vallet-Regi and co-workers [16] confirmed that the addi-
tion of a small amount of P,O5 (~4 mol%) into bioactive
glass promotes the nucleation of apatite on its surface in
simulated body fluid (SBF).

In the CaO-SiO,—P,05 system, MBGs with higher than
10 mol% P,05 content may possess the potential for higher
bioactivity [6, 10]. However, to the best of our knowledge,
few researchers have reported to synthesize material in this
composition range or taken into account the influence of
P,Os5 content on the physiochemical properties of mesop-
ores and the subsequent in vitro bioactivity of MBGs in
SBF.

Here, we reported to prepare the novel MBGs with P,05
content ranging from 10 to 30 mol%. SAXRD, N, sorp-
tion/desorption, TEM, FTIR and NMR techniques were
employed to investigate the physiochemical properties of
the mesopores and the structure of the bioglasses.

2 Experimental
2.1 Materials

Tetraethyl orthosilicate (TEOS, 98%), triethyl phosphate
(TEP, 99%), calcium nitrate [Ca(NO3),-4H,0, 99%], ethyl
alcohol (EtOH, 99.7%), hydrochloric acid (HCI, 36-38%)
were supplied by Sinopharm Chemical Reagent Co.
Ltd.(China). Triblock copolymer EO,,—PO,p—EO,q (P123,
M,, = 5650) was purchased from Well Reagent Co. Ltd.
(Nanjing, China). All chemicals were reagent grade and
were used as received without further purification.

2.2 Synthesis of materials

A series of ternary CaO-P,05-Si0O, MBGs with different
chemical compositions were prepared as listed in Table 1.
Using sample P10 (10 mol% P,0Os, 75 mol% SiO,,
15 mol% CaO) as an example, 4 g P123 was dissolved in
60 g ethanol (EtOH), and then 1.09 g triethyl phosphate
(TEP), 4.68 g tetraethyl orthosilicate (TEOS), 1.06 g cal-
cium nitrate, and 1 g 1 M hydrochloric acid were added
into P123—-EtOH solution in order. The mixture was kept at
room temperature for 1 day with magnetic stirring.
The weight ratio of P123:ethanol:HCI (0.5 M) is 4:60:1.

The as-derived clear sol was transferred into a Petri dish for
gelation at 40°C for 2 days. The EISA self assembly occurs
during this time using the surfactant as a template. This is
followed by the process of aging at 60°C for 3 days, after
which the as-prepared gels were calcined at 550°C for 5 h
with a heating rate of 2°C min~' in air to remove the
template.

In our experiments, the molar fraction of Ca with respect
to the total molar amount of Si, Ca, and P in MBGs was
fixed at 15 mol% and those of Si and P were varied in
different samples. MBG samples were named according to
the molar fraction of P,O5 content (Table 1).

2.3 Characterization

Structural characterization was carried out using small
angle X-ray diffractometry (SAXRD; Philips-X’pert MPD
3040) with CuK, (2= 1.5418 A) radiation (40 kV,
40 mA) and transmission electron microscope (TEM, JEM-
2010 UHR, Japan) at an accelerating voltage of 200 kV.
FTIR spectra were collected on a Nicolet Nexus 670
Fourier transform infrared spectrometer with KBr pellet
method. All NMR solid state NMR spectra were recorded
on a wide bore Bruker Avance400D spectrometer at 20°C.
29Si MAS NMR experiments were carried out at a Larmor
frequency of 39.7 MHz and spinning speed of 4.5 kHz in a
4 mm rotor using the Hahn-echo pulse sequence with the
p/2 pulse of 5.25 and 76.5 ms echo delays. *°Si NMR was
set up using a 3 min recycle delay. The 1.5 ppm peak of
tetrakis (trimethylsilyl) methane was used for reference in
2Si NMR. *'P MAS NMR spectra were acquired at
81.0 MHz in the 4 mm rotor spinning at 4.5 kHz. 64
transients of a single pulse experiment with 2.5 ms p/2
pulse and 49 s recycle delay were collected for each
sample. *'P chemical shift was referenced to the signal of
85% H;PO,.

2.4 In vitro assays

The in vitro bioactivity of the MBG samples was evaluated
in simulated body fluid (SBF) as described by Kokubo
et al. [17]. The ionic concentrations (mM) in SBF solu-
tion were nearly equal to those in human blood plasma
(Na™: 142.0, K™: 5.0, Ca*":2.5, Mg*": 1.5, C1™: 147.8,

Table 1 Chemical compositions and the amounts of reactants of different samples

Denoted samples Molar ratio TEOS (g) TEP (g) CaNO3-4H,0 (g) P123 (g) HCI (g) C,HsOH (g)
of Si:Ca:P

P10 75:15:10 4.68 1.09 1.06 4 1 60

P20 65:15:20 4.06 2.18 1.06 4 1 60

P30 55:15:30 343 3.28 1.06 4 1 60
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HCO;™: 4.2, HPO,*": 1.0, SO4°7:0.5). The solution was
buffered at pH 7.40 with tris(hydroxymethyl) aminometh-
ane [(HOCH,);CNH,] and HCI. Each specimen (0.1 g)
was immersed in 100 ml SBF solution in a polyethylene
(PP) bottle covered with a tight lid. The PP bottles were
placed in a shaking incubator with a constant speed of
160 r min~" at 37°C for 2 days. After soaking, the powders
were collected by filtration, rinsed with acetone and dried
in air. The powders were then evaluated by XRD, FTIR
and SEM analyses to determine the mineral phase of the
deposits.

3 Results and discussion
3.1 Textural properties of MBGs

Mesostructural properties of powder MBGs were evaluated
by SAXRD (Fig. 1), TEM (Fig.2) and N, sorption/
desorption characterizations (Fig. 3). Before calcination,
all samples show no diffraction peak in the small angle
regime (Fig. 1a), which suggests the absence of ordered
mesopores in the as-prepared MBGs; while after calcina-
tion, sample P10 (Fig. 1b) exhibits two diffraction peaks at
around 260 = 0.85° and 1.28°, which can be indexed to the
(100) and (110) diffractions of a two-dimensional hexag-
onal mesostructure. As the P,Os content increases to 20%,
a single diffraction peak at around 26 = 1.25° appears. As
for sample P30, no significant change takes place during
calcinations. These phenomena indicate that the increase of
the P/Si ratio in MBGs reduces the ordering of meso-
structure due to the partial collapse of the structure and/or
order of the mesopores during the EISA process and cal-
cinations. It may be ascribed to the double bond in the PO4
polyhedron that is responsible for an imbalanced chemical
interaction between the precursor and surfactant during
MBG formation, resulting in the mesoporous network
would be easily destroyed during calcination.

Another possibility is that ionic diffusion may account
for the partial collapse of the mesoporous framework. The
bond energies of Ca—O, P-O and Si-O are 322, 597 and
798 kJ/mol, respectively [18]. Higher bond energy leads to
lower diffusion rate at the same temperature, and the dif-
ference between ionic diffusion rates in a glassy network
may cause the collapse of glassy network and the
destruction of mesopores. This may be what is occurring in
sample P30, which has the highest P,Os content. This
places an upper limit on the P,O5 content (~20 mol%) that
can be utilized to synthesize the well ordered MBGs using
the EISA process.

The ordered mesopore of MBGs is further confirmed by
TEM images (Fig. 2). TEM image of sample P10 (Fig. 2a)
shows a two-dimensional hexagonal mesostructure. The
MBG surface contains the mesoporous domains with the
[100] zone axis oriented parallel to the electron beam.
Hexagonal mesostructure can also be roughly identified in
sample P20 (Fig. 2b). But for sample P30 (Fig. 2c), the
mesoporous structure tends to be more disordered, which
confirms the partial collapse of the mesoporous framework,
inferred from the SAXRD results.

N, sorption/desorption isotherms and pore size distri-
bution curves are shown in Fig. 3. Structural parameters of
the different samples calculated from Fig. 3 are listed in
Table 2. All the three samples exhibit a type IV isotherm
with type H1 hysteresis loop, which are characteristic of
independent cylindrical slim pore channels with narrow
pore size distribution. As calculated from the linear part of
the BET plot, the surface areas of all samples varied in the
range of 370-430 m?/g depending on the chemical com-
position. The single point adsorption total volumes at
P/P, = 0.975 are between 0.4 and 0.5 cm>/g. This is ascri-
bed to the heterogeneity of conventional sol-gel-derived
bioactive glasses. Especially, as shown in Fig. 3b, all
samples presented a narrow pore size distribution, and the
Barret-Joyner—Halenda (BJH) adsorption average pore size
of samples P10, P20 and P30 are around 40 A.

Fig. 1 SAXRD patterns of
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Fig. 2 TEM images of MBGs with different chemical compositions: (a) P10, (b) P20 and (¢) P30

Fig. 3 N, sorption/desorption
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29Si and *'P MAS NMR spectra (Fig. 4) were used to
determine the bonding of the glass network and degree of
condensation with the increase of P,Os content. Three
major peaks in #Si NMR spectra (Fig. 4a) are Q? (at
—85 ppm), Q” (at —102 ppm), Q* (at —110 ppm) [Q°, Q
and Q* represent the type of (SiO),=Si=(0OH),, (SiO0);=
Si—OH and (SiO); = Si—O-Si, respectively] [19]. *°Si MAS
NMR spectra display a less condensed cross-linked struc-
ture with more silanol (—OH) groups in MBGs with the
increase of P,Os content. The Q*/Q* ratio represents the
extent of silanol condensation, indicating a more con-
densed framework for sample P30 than sample P10. The
*'P MAS NMR spectra (Fig. 4b) show two groups of sig-
nals around 0 and —11 ppm that could be assigned to Q°
and Q' peaks, where Q" stands for phosphate units (PO,)
not bonding to silicon and Q! means phosphate units (PO,)
bonding to one silicon atom through one P-O-Si bond
[20]. No other peaks are observed due to the absence of P
atom which bonds to more than one Si atom. A small
displacement of Q° band at 5 ppm in *'P MAS NMR

Table 2 Structural parameters of the samples with different
composition

Samples Sper (M?/g) V, (cm*/g) D, (A)
P10 376 0.46 42
P20 430 0.51 42
P30 407 0.39 37

Note: Sggr is the BET surface area, V,, is the total pore volume, D, is
pore diameter calculated by the BJH method
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spectra (Fig. 4b) seems consistent with glass compositions
(Table 1), leading to a distinctly disordered chemical
environment [21]. The relative intensities between both
signals give a Q”/Q' M ratio = 1:2, which indicates that
about 66% of the P atoms bond to the silica framework. *'P
MAS NMR spectra also indicate the glasses with high P,O5
content have more orthophosphate groups in isolated
crystalline nano-regions. The presence of orthophosphate
groups in isolated crystalline nano-regions promotes a
microstructure with areas where the chemical connection
of the glass structure is weaker [22]. These areas can be the
preferential sites for the chemical attack during the SBF
immersion.

3.2 In vitro bioactivity of MBGs

XRD patterns of the MBGs with different chemical com-
positions after soaked in SBF solution at 37°C for 3 days
are shown in Fig. 5. The presence of a broad peak around
20 = 23° is due to the amorphous nature of bioglass walls.
Noticeably, for sample P10, a single diffraction peak at
20 = 32° appear in the XRD pattern (Fig. 5), which can be
assigned to the (211) diffraction of crystalline apatite
phase. Another maximum peak in sample P20, corre-
sponding to (002) at 26 = 26°, becomes sharper and more
intensive, and the (112) peak becomes sharper in sample
P30. The other apatite diffraction peaks indexed to (002),
(212), (213), (004), (323), and (513) also become evident.
This implies that the crystallinity of the apatite precipitates
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Fig. 4 *°Si (a) and *'P (b) MAS NMR spectra of MBGs with
different chemical compositions

increases with increasing P,Os content from 10 to
30 mol%.

The FTIR spectra of the MBG surface after soaked in
SBF for different times are shown in Fig. 6. For all sample,
after immersion in SBF for 12 h, a strong absorption
appears at 562 cm™', corresponding to the v, phosphate
group [23]. This band became higher and sharper after the
samples were soaked in SBF for longer time. The double
peaks of P-O vibration mode at 562 and 602 cm™' are
observed after immersion in SBF for 3 days, which con-
firms the deposition of apatite on the MBG surface.

The variation of Ca, P and Si concentrations in the SBF
after various soaking times are shown in Fig. 7. Only after
immersion for 4 h, an increase of Ca and P concentrations
was observed in all samples. Simultaneously, during the
first 4 h, the pH value in SBF solution increases from 7.40
to 7.75 for all the three samples, which shows the rapid
exchange of Ca®" with H" or H;O™" from the SBF solution
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Fig. 5 XRD patterns of the MBGs with different chemical compo-
sitions after soaked in SBF solution for 3 days

[2]. The increase in P concentration could be the release of
P from MBGs after immersion in SBF. In the soaking
interval between 4 h and 3 days, Ca and P concentrations
decrease with longer soaking time, as they are consumed
by the formation of apatite. The maximum release amount
of Ca in sample P30 is lower than that in sample P10. This
can be explained by more disordered mesopores caused by
increasing P,Os content, which could impede the exchange
of Ca?* with H™ through mesopores and subsequent the
formation rate of apatite on the glass surface. All samples
show an increase of silicon concentration during the
soaking period (Fig. 7c). This indicates that silicon con-
tinues to leach from the glass through the mesoporous
structure, as the network breaks down. Therefore, the
leaching of soluble silicon is an indicator of the degrada-
tion of MBGs [18]. The remaining calcium phosphate
forms an apatite structure that is ultimately consumed in
vivo during the bone growth and remodeling process [24].

Surface morphologies of MBGs before and after soaked
in SBF are shown in Fig. 8. Before soaking, all MBGs
show smooth and homogeneous surface [Fig. 8(al—c1)].
After immersion in SBF for 1 day, a layer of numerous
elongated particles appear, and irregular small holes are
exclusively observed on the surface of P30 [Fig. 8(c2)],
which means superior degradation of sample P30 in such
short time. After 2 days, a rod-like morphology is observed
on the surface of all samples; for sample P10 [Fig. 8(a3)],
the rod-like apatite crystals are mixed with plate-like
apatite with thin edges oriented perpendicular to the glass
surface and distributed densely over the whole surfaces,
similar to the morphology of apatite in human bone. After
immersion for 3 days, a layer composed of rod-like and
plate-like particles become more apparent and denser on
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Fig. 6 FTIR spectra of MBGs
with different chemical
compositions after immersion in
SBF solution for different times

Fig. 7 Ca (a), P (b) and Si

(¢) concentrations and pH
values (d) of MBGs with
different chemical compositions
after soaked in SBF for different
times
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the surface of all MBG samples, and more holes were
detected on the surface of all samples. It is also noted that
high P,Os content would impede the formation of apatite
after soaking in SBF for 1 day, due to the inhibited ionic
exchange on the glass surface, in agreement with the ICP

@ Springer

results shown in Fig. 7a. After 2 days, for sample P10
[Fig. 8(a3)], the predominate plate-like morphology is
6 pm in length. The dimension of formed rod-like crystals
is diminished to 2 pm for sample P30 [Fig. 8(c3)]. After
3 days, plate-like aggregates in sample P30 become more
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Fig. 8 SEM images of the MBGs with different chemical compositions (a, b, ¢ stands for sample P10, P20, P30) before (1) and after soaked in

SBF for 1 day (2), 2 days (3) and 3 days (4), respectively

apparent and denser than those in other two samples
[Fig. 8(c4)].

4 Conclusion

Mesoporous bioactive glasses (MBGs) with different P,Os
contents (10, 20, and 30 mol%) were successfully syn-
thesized using EO,o—PO;0—EO,q (P123) as template by a
combination of the sol-gel method and EISA. The
reduction and broadening of the peak in the small angle

regime with increase of P/Si ratio places an upper limit on
the P,Os content (~20 mol%) that can be employed to
prepare the ordered MBGs through the EISA process.
This may be ascribed to the double bond in PO, poly-
hedron and different ionic diffusion which together
account for partial collapse of mesoporous network. °Si
NMR spectra indicates a more condensed framework for
P30 than P10 and *'P NMR spectra indicates the glasses
with high P,Os content have more orthophosphate groups
in isolated crystalline nano-regions which makes better
bioactivity during the SBF immersion. ICP, XRD and
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FTIR results after 3 days of in vitro assay confirm more
apparent and denser plate-like apatites on the surface of
P30. Besides, all samples show an increase of silicon con-
centration during certain soaking period from ICP results,
showing the degradation of MBGs in SBF solution.
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