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ABSTRACT: This work is dedicated to biokinetic and
structural investigations of Al2O3 doping (0.5 to 15 mol %)
in ordered mesoporous bioactive glasses (MBGs), based on
the composition 80% SiO2−15% CaO−5% P2O5 (in mol %).
The synthesis was performed with the sol−gel method in
combination with a structure directing agent (P-123) for the
formation of mesopores. Structural investigations reveal that
the incorporation of additional Al2O3 in a range of 1 to 10 mol
% reduces the order of the mesostructure, whereas doping with
15 mol % Al2O3 creates well ordered mesopores again.
Nitrogen adsorption−desorption isotherms show that specific
surface area, pore volume, and pore diameter decrease only
slightly upon incorporation of Al2O3. In vitro bioactivity tests
exhibit a small decrease in bioactivity upon incorporation of small amounts and a sudden drop beyond 3 mol %. This can be
related to the strong interaction of Al3+ and PO4

3−, which could be proven by multinuclear single and double resonance solid
state nuclear magnetic resonance (NMR) spectroscopy. The number of P−O−Al linkages has been estimated by 27Al(31P)
rotational echo double resonance (REDOR) experiments. The interaction of Al3+ and PO4

3− and the trapping of Ca2+ required
for charge compensation hamper the release of P, Ca, and Si ions and thus provide less PO4

3− and Ca2+ ions for the crucial
formation of hydroxycarbonate apatite (HCA).

■ INTRODUCTION

Since the pioneering work by Hench et al.,1 bioactive glass has
attracted much attention, because it can bond to living tissue
without promoting inflammatory responses. In particular when
bioactive glasses are immersed in simulated body fluid (SBF),
an apatite-like layer is formed on their surface. This layer is
similar to the inorganic component of bone and thus can form
interfacial bonds to the surrounding tissue (both soft and
hard).1 Furthermore, the ionic degradation products of silica
can trigger angiogenesis and osteoinduction.2−4 Therefore,
bioactive glasses constitute highly potential bone implant
materials for various medical applications.
The first bioactive glass (Bioglass 45S5) with the

composition of 45% SiO2, 24.5% Na2O, 24.5% CaO, and 6%
P2O5 (in wt %) was prepared via the melt-quenching method
by Hench et al.1 in 1971. In 1991 Li et al.5 synthesized a
bioactive glass by the sol−gel method, which provides a lot of
advantages compared to melt-derived glasses. Besides lower
process temperatures and elimination of Na2O from the
synthesis, the bioactivity is significantly increased due to the
higher surface area of these porous glasses. Moreover, sol−gel
glasses obtain a higher purity and homogeneity and the
compositional range can be expanded up to 90 mol % SiO2
compared to 60 wt % SiO2 in melt-derived glasses.

In 2004 Yan et al.6 synthesized a bioactive glass with a
hexagonally ordered mesoporous structure by using the sol−gel
method in combination with a block copolymer as structure
directing agent. For the formation of highly ordered mesopores
the evaporation induced self-assembly (EISA) process is
essential.7 The first step of this self-assembly process is a
homogeneous solution of inorganic precursor (e.g., tetraethyl
orthosilicate (TEOS) as a SiO2 source) and amphiphilic block
copolymer (e.g., Pluronic P123) in a solvent with c < cmc
(critical micelle concentration). During evaporation of the
solvent the surfactant concentration increases, until cmc is
exceeded (c ≥ cmc). At this time a spontaneous organization
through noncovalent interactions occurs, resulting in the
formation of micelles. Simultaneously to the self-assembly,
hydrolysis and condensation of TEOS lead to the formation of
amorphous pore walls, which separate the mesopores. Depend-
ing on the choice of amphiphilic copolymer, two-dimensional
(2D) hexagonal or three-dimensional (3D) cubic mesoporous
structures are obtained.6,8 However, other parameters like
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temperature, pH, and reactant ratios also have an influence on
the order of the mesophase.9,10

Mesoporous bioactive glasses (MBGs) exhibit excellent
textural properties of porosity and surface area; therefore they
are suitable for different applications in biomaterials science.
They can either be loaded with pharmaceuticals for drug
delivery or in vivo with osteogenetic cells/proteins for bone
tissue engineering.11,12 Furthermore, MBGs are ideal candidates
for bone tissue regeneration, because they show a much faster and
more intense hydroxycarbonate apatite (HCA) formation than
traditional sol−gel or melt-quenched glasses.6 However, the
low mechanical strength of MBG presents a major challenge in
applications.13 Due to its abrasion resistance and hardness,
Al2O3 has been investigated as an additive in melt-quenched
glasses to strengthen their mechanical properties as early as the
1990s.14 While aluminum appears to accelerate the formation
of bioactive hydroxyl apatite layers at the surface of phosphate-
rich bioglasses,15 the opposite effect (and diminished
bioactivity) has been observed in Al-containing 45S5 glasses
containing 1.75 mol % Al.16 However, to the best of our
knowledge, no bioactivity tests have been published on Al-
containing mesoporous bioglasses. In this work we doped MBG
of the system SiO2−CaO−P2O5 (80−15−5 mol %) with
different amounts of alumina (0.5 to 15 mol %), and
investigated the effect of Al in MBG on the mesostructure
and textural properties, in particular the specific surface area
and pore volume. Moreover, we performed in vitro bioactivity
tests and correlated the decrease in bioactivity with the changes
in glass structure by in-depth solid-state nuclear magnetic
resonance (NMR) spectroscopic studies. While solid state
NMR has been widely used for the structural characterization of
bioglasses17,18 to date very little information is available
regarding the structural effects of aluminum doping. Sitarz et
al.19 were able to show that the phosphorus speciation in (100
− x)SiO2−(x − 5)NaCaPO4−5AlPO4 glasses (0 ≤ x ≤ 50) can
be sensitively influenced by the Al content, whereas Al is
dominantly four-coordinated. This result agrees with MD
simulations on 45S5 glass containing 1 mol % Al2O3
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indicating that Al prefers a network former role in these
systems. These MD simulations predict a very small number of
Al−O−P linkages. To date, however, no experimental data
about the presence and concentration of such connectivities are
available. In this contribution, we will address this issue using
advanced NMR methodology, by quantifying the strength of
the 31P−27Al magnetic dipole−dipole interactions. Based on the
results obtained, we develop quantitative concepts regarding
the structural incorporation of aluminum into mesoporous
bioglasses.

■ MATERIALS AND METHODS
Sample Preparation and Characterization. MBGs of compo-

sition 80 − x mol % SiO2, 15 mol % CaO, 5 mol % P2O5, and x = 0−
15 mol % Al2O3 were prepared according to the synthesis of Yan et al.

6

The corresponding glass compositions are listed in Table 1.
In a typical synthesis 2 g of Pluronic P-123 (Mw = 5800, BASF) was

dissolved in 30 g of ethanol followed by addition of 3.29 g of tetraethyl
orthosilicate (TEOS, 99% ABCR), 0.70 g of calcium nitrate
tetrahydrate Ca(NO3)2 × 4·H2O (CaNT, 99% ACS), 0.36 g of
triethyl phosphate (TEP, 99% Merck), 0.15 g of aluminum nitrate
nonahydrate (Al(NO3)3 × 9·H2O) (SiO2/CaO/P2O5/Al2O3 =
79:15:5:1, molar ratio) and 0.5 g of hydrochloric acid (HCl, 0.5 M)
at room temperature (RT) under magnetic stirring. The solution was
stirred for 24 h at RT, and the obtained sol was transferred into a Petri
dish to undergo the evaporation induced self-assembly (EISA)

process7 for 6 days at r.t. The dried gels were calcined at 600 °C
(heating rate 5 °C/min) for 10 h to remove the surfactant.

The mesoporous structure of the bioactive glasses was evaluated by
high resolution transmission electron microscopy (HRTEM, Zeiss
Libra 200), the textural properties were analyzed by N2 physisorption
(ASAP 2010 Micrometics GmbH (Aachen Germany)), using the
Brunauer−Emmett−Teller (BET) theory for determining the surface
area and the Barret−Joyner−Halenda (BJH) method for obtaining the
pore size distribution.

Solid State NMR Studies. Solid state NMR experiments were
performed on Bruker Avance III 300 MHz, Avance DSX 400 MHz,
and DSX 500 MHz spectrometers and a Bruker DSX 500
spectrometer interfaced with a 4.65 T magnet. The spectrometers
were equipped with 4 mm double and triple resonance probes which
were operated at spinning speeds up to 12.5 kHz. 31P MAS NMR
spectra were recorded at 4.65, 7.05, and 9.4 T, respectively, using 90°
pulses near 5.0 μs, at spinning speeds in the range 8−10 kHz and
relaxation delays between 325 and 464 s. Chemical shifts are reported
relative to an 85% H3PO4 solution. 27Al MAS NMR spectra were
recorded at 9.4 T using short pulses (<30°) of 0.5 μs length and a
relaxation delay of 0.2 s. Spectra were fitted to asymmetric lineshapes
dominated by a distribution of second-order quadrupolar broadening
effects as implemented by the Czjzek line shape model21 within the
DMFIT program.22 27Al triple-quantum NMR (TQMAS) data were
conducted at 11.7 T using the three-pulse z-filtering sequence,23 using
hard excitation and reconversion pulses of 3.6 and 1.2 μs length, a soft
detection pulse of 10 μs length, and a relaxation delay of 0.5 s.
Chemical shifts are recorded relative to a 1 M AlCl3 aqueous solution.
27Al{31P} rotational echo double resonance (REDOR) measure-
ments24 were conducted at 9.4 T with a rotor spinning frequency of
10.0 kHz. Solid 27Al 180° pulses were typically 4.5 μs in length and 31P
recoupling π pulses with a length between 8.1 and 10.6 μs were used.
Recycle delays were between 1 and 2 s, followed by a presaturation
train of 20 π/2 pulses. The normalized signal attenuation data
obtained within the initial decay regime (ΔS/S0 ≤ 0.2) as a function of
dipolar evolution time (NTr = number of rotor cycles times rotor
period) were fitted to a parabola according to the expression.25,26

πΔ =S S NT M/ (4/3 )( ) ( Al{ P})0
2

r
2

2
27 31 (1)

Here M2(
27Al{31P}) is the dipolar second moment characterizing the

mean squared average strength of the 27Al−31P magnetic dipole−
dipole coupling, which can be related to internuclear distance
distributions using van Vleck theory.27 Conditions for the 31P{27Al}
rotational echo adiabatic passage double resonance (REAPDOR)
experiments28 were the same as in the REDOR experiments, and the
length of the 27Al adiabatic pulse was set to one-third of the rotor
period (33.33 μs). A recycle delay between 70 and 120 s was applied,
followed by a presaturation train of 15 π/2 pulses. In both the
27Al{31P} REDOR and the 31P{27Al} REAPDOR experiments separate
decay curves were extracted by deconvoluting the Fourier transforms
of the S and S0 lineshapes into 2−3 contributions using the DMFIT
software. 29Si MAS NMR spectra were obtained at 9.4, 7.05, and 4.65
T using the following conditions: 90° pulses near 5.0 μs (9.4 T) or 6.8
μs, spinning speeds between 5 kHz and 8 kHz, relaxation delay 180 s.
Spectra were deconvoluted using the DMFIT software and referenced
to tetramethylsilane using solid tetrakis(trimethylsilyl) silane as a
secondary reference.

Table 1. Glass Compositions of Al2O3 Doped MBGs

composition in mol %

sample SiO2 CaO P2O5 Al2O3

MBG 80 15 5 0
0.5 Al-MBG 79.5 15 5 0.5
1 Al-MBG 79 15 5 1
3 Al-MBG 77 15 5 3
10 Al-MBG 70 15 5 10
15 Al-MBG 65 15 5 15
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In Vitro Bioactivity Test. For in vitro bioactivity tests simulated
body fluid (SBF) was prepared according to Kokubu et al.29 MBGs
were soaked in SBF at 36.5 °C for 0.5 h, 1 h, 2 h, 4 h, 6 h, 1 d, 3 d, and
7 d and afterward were filtrated and dried in order to terminate the
hydroxycarbonate apatite (HCA) formation. The ratio of MBG to SBF
was 1 mg/mL. Concentrations of calcium, phosphorus, and silicon
ions in SBF were determined by inductively coupled plasma optical
emission spectroscopy (ICP-OES (ICAP 7000 Series, Thermo
Scientific, Braunschweig)). Furthermore, the rate of HCA formation
on the MBG surface was investigated by scanning electron microscopy
(SEM) (Zeiss XP 1540 EsB) and by X-ray diffraction (XRD) (Bruker
D8 Advance with LynxEye detector Cu Kα radiation).

■ RESULTS
The textural properties, specific surface area, and pore volume
as well as the mesostructure of bioactive glass samples are
important characteristics, as they are closely related to their
bioactivity.30 Figure 1 displays TEM images of MBGs with
different Al2O3 contents. The Al-free MBG and the doped
MBG with 0.5 mol % Al2O3 (see Figure 1a,b, respectively) both
exhibit a hexagonally ordered mesoporous structure. The
corresponding physisorption isotherms, depicted in Figure 2,
show type IV isotherm patterns with H1 hysteresis loops,
characteristic of cylindrical mesopores. The incorporation of
only small amounts of Al2O3 has reduced the specific surface
area from 575 m2/g (MBG) to 463 m2/g (0.5 Al-MBG) as well
as the pore volume from 0.89 cm3/g (MBG) to 0.73 cm3/g (0.5
Al-MBG). Both MBGs exhibit narrow pore size distributions
with average pore diameters of 6.21 nm (MBG) and 5.61 nm
(0.5 Al-MBG). The incorporation of higher amounts of Al2O3
has resulted in a significant loss of ordering, changing the pore

structure of MBG to randomly distributed “wormlike”
mesopores for 1 mol % (see Figure 1c) and spherical micelles

Figure 1. HRTEM images of MBGs with (a) 0 mol %, (b) 0.5 mol %, (c) 1 mol %, (d) 3 mol %, (e) 10 mol %, and (f) 15 mol % Al2O3.

Figure 2. Nitrogen adsorption−desorption isotherm plots and pore
size distribution curves of MBGs with 0 mol %, 0.5 mol %, and 15 mol
% Al2O3.
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for 3 mol % (see Figure 1d). Specific surface area, pore volume,
and average pore size have been measured with 496 m2/g, 0.85
cm3/g, and 5.31 nm for 1.0 Al-MBG as well as 443 m2/g, 0.53
cm3/g, and 3.93 nm for 3.0 Al-MBG. Interestingly, the
incorporation of even more Al2O3 in MBG has favored the
formation of well-ordered cylindrical mesopores again (see
Figure 1e,f). However, both pore volume and average pore size
are comparable to the low-content samples with 0.64 cm3/g
and 5.05 nm for 10.0 Al-MBG as well as 0.62 cm3/g and 5.34
nm for 15.0 Al-MBG, respectively. Only the specific surface
area has decreased slightly from 438 m2/g to 389 m2/g.
The XRD pattern of Al-free MBG (Figure a (Supporting

Information)) is representative for all Al2O3 doped MBGs. The
absence of any diffraction peaks indicates an amorphous
structure, which is characteristic for glasses and confirms that
the samples do not contain any secondary phases, such as
Al2O3, even at high loadings.
An important characteristic of MBG is the ability to form an

HCA layer on the surface, which can act as a bonding interface
to bone tissue.1 In order to investigate the apatite formation in
vitro, MBGs were soaked in SBF, which mimics the blood
plasma. Typically, immersion stimulates an ion exchange
between H+ from SBF and Ca2+ from MBG, which leads to
an increase of Ca2+ concentration in SBF. Subsequently, Ca2+

and PO4
3− from SBF adsorb onto the surface of the bioactive

glass and form an amorphous calcium phosphate (ACP) layer,
which eventually crystallizes into an HCA layer by further
incorporation of OH− and CO3

2−, while the MBG degrades by
releasing Si into the SBF.
The bioactivity, i.e., the rate of HCA formation on the MBG

surface, was analyzed by SEM and XRD and further evaluated
by kinetic studies of ion release and uptake, i.e., of Ca, P, and Si
in SBF, using ICP-OES.
Figure 3 displays SEM images of various MBGs after soaking

in SBF for 1 d. Figure 3a−d (MBG, 0.5 Al-MBG, 1 Al-MBG, 3
Al-MBG) shows the typical needle-like structures that are
characteristic for HCA.9 The morphology and density of the
HCA formation are seemingly similar between the four MBGs.
On the contrary, MBGs doped with 10 mol % and 15 mol %
Al2O3 (Figure 3e,f) show a relatively smooth surface without
any HCA formation, indicating that the samples were not
bioactive.
The bioactive glasses were further analyzed by XRD after

they had been soaked in SBF for 7 d (Figure b (Supporting
Information)). MBGs with 0, 0.5, 1, and 3 mol % Al2O3 all
exhibit two peaks, which can be attributed to the (002) and
(211) diffractions of HCA.31 In contrast, the absence of any
reflections in 10 Al-MBG and 15 Al-MBG confirm a negligible
bioactivity, in line with the SEM observations.
The kinetic release and uptake of ions is illustrated in Figure

4, which shows the time-dependent concentrations of Ca, P,
and Si in SBF after soaking MBG, 0.5 Al-MBG, 1 Al-MBG, 3
Al-MBG, 10 Al-MBG, and 15 Al-MBG. The Al-free MBG
exhibits a strong increase in Ca concentration during the first 2
h indicating a Ca release from MBG followed by a considerable
Ca reuptake of 56.1 mg/L up to 7 d. This is in line with
literature suggesting an incorporation of Ca to form amorphous
calcium phosphate (CaP).32 0.5 Al-MBG and 1 Al-MBG show a
similar trend, but with a lower Ca release compared to the Al-
free MBG. The total Ca reuptake after 7 d is similar to the Al-
free sample with 57.4 mg/L for 0.5 Al-MBG and 56.9 mg/L for
1 Al-MBG.

The sample 3-Al-MBG shows a slower Ca release reaching
the maximum concentration only after 4 h. Moreover, the Ca
uptake is 44.1 mg/L and therefore is significantly lower than for
the other samples. Importantly, the concentration profile for
MBG doped with 10 mol % and 15 mol % Al2O3 is markedly
different. After some initial release, both glasses show almost no
Ca reuptake (both 5.7 mg/L), even up to 7 d.
The P concentration profile of the Al-free MBG exhibits a

small increase in the first 2 h followed by a strong decrease up
to an immersion time of 7 d with a P reuptake of 29.6 mg/L.
The MBGs with 0.5 mol % and 1 mol % Al2O3 show a similar
trend, yet to a smaller extent (total P uptake of 26.8 mg/L for
0.5 Al-MBG and 25.5 mg/L for 1 Al-MBG). Interestingly, in
the MBG with 3 mol % the maximum in P concentration is
observed only after 6 h, indicating markedly slower release
kinetics. Moreover, the amount of P reuptake of 17.8 mg/L is
considerably smaller than for the other three glasses. At 10 mol
% the MBG does appear to only release a small amount of P
without any subsequent reuptake (0.8 mg/L). Most impor-
tantly, the concentration of P of the MBG with 15 mol % Al2O3
steadily decreases right from the start and has an uptake of 11.8
mg/L. The kinetic data of the latter two samples confirm the
absence of bioactivity at high Al loadings.
The concentration profile of Si is qualitatively similar in all

MBGs, as the Si concentration steadily increases with
immersion time. This is an important requirement for MBGs,
because Si is known to be a stimulator of osteogenic genes.33

However, there is a considerable difference in the slope of the
release curves and, thus, in the total amount of Si release, which
linearly decreases with increasing Al content (see Figure 4).
Again, the lowest amount of Si release was observed for 10 mol
% (17.0 mg/L) and 15 mol % (12.1 mg/L) samples, which
interestingly show comparable release kinetics.

Figure 3. SEM images of (a) 0 mol %, (b) 0.5 mol %, (c) 1 mol %, (d)
3 mol %, (e) 10 mol %, and (f) 15 mol % Al2O3 after incubation in
SBF for 1 d.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.5b04117
Chem. Mater. 2016, 28, 3254−3264

3257

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5b04117/suppl_file/cm5b04117_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5b04117/suppl_file/cm5b04117_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5b04117/suppl_file/cm5b04117_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5b04117/suppl_file/cm5b04117_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.5b04117


Structural Characterization by Solid-State NMR. Figure
5 shows the 27Al MAS NMR spectra of the present samples. All

the glasses containing 5% Al2O3 or less contain exclusively four-
coordinated aluminum species. The dominant signal is
characterized by an isotropic chemical shift near 56 ppm. As
the Al content increases, two additional spectroscopic features
develop with increasing intensity at lower resonance
frequencies: a shoulder in the 44−50 ppm region, attributed
to a second type of four-coordinated Al species and a signal
with an isotropic chemical shift near 6 ppm that can be
attributed to six-coordinate aluminum. This latter species can
only be detected in the samples with the highest Al contents
(10 and 15 mol %). The nature of the shoulder in the 44−50
ppm region was investigated in detail by additional field-
dependent MAS NMR line shape, TQMAS- and satellite
transition (SATRAS) studies (see Figure 6), which can serve to

separate chemical shifts from second order quadrupolar effects.
As indicated by this figure, neither TQMAS nor SATRAS
spectra give any evidence for five-coordinated Al species. We
therefore conclude that this shoulder does not represent a new,
distinct Al(5) site but rather reflects a fraction of the four-
coordinated Al population that is subject to a stronger second-
order quadrupolar shift than the remainder of the Al(4) species.
To explore the question of whether this part of the Al(4)

population differs from the remaining Al(4) with respect to the
interaction with phosphate species, 27Al{31P} REDOR experi-
ments were analyzed, by simulating the 27Al NMR intensity in
this region artificially by a separate Gaussian component (see
Figure 7, inset, and Table 2). Indeed, this REDOR analysis
reveals that the Al species giving rise to this line shape
component shows a stronger REDOR effect than the “regular”
signal at δiso

cs = 58 ppm (see Figure 7). The M2 values extracted
from these plots, using eq 1, are summarized in Table 2.

Figure 4. Changes in Ca, P, and Si concentration in SBF after soaking Al2O3 doped MBG for different times.

Figure 5. 27Al MAS NMR spectra for the different glass compositions,
recorded at a magnetic field strength of 9.4 T and a spinning speed of
12 kHz.

Figure 6. 27Al TQ-MAS NMR spectrum of sample Al-15 (left) and
27Al satellite transition spectrum of samples Al-10 and Al-15 (fourth
MAS sideband toward high frequencies). The asterisks indicate the
resonance of the Al(4) site. There is no evidence for any Al(5) site,
and sample Al-15 shows a small contribution of an Al(6) site in both
experiments.
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Assuming that the Al−O−P distances in the glasses are of
similar magnitude as those in the crystalline model compound
AlPO4 (4 Al−O−P distances at 310.6 pm) we can estimate the
number of Al−O−P linkages for each glass by comparing the
measured M2 values with the value of 4.6 × 106 rad2 s−2

obtained for AlPO4. Based on such comparisons, we come to
the following conclusions: (a) the Al species represented by the
58 ppm resonance possesses no direct Al−O−P linkages; the
very weak dipolar coupling to 31P detected in the REDOR
experiments must arise from further distant neighbors; (b) the
Al(4) species contributing to the 44−50 ppm region
(mimicked artificially by the Gaussian component) show
significant 27Al−31P dipolar interactions. Comparing the M2
values measured for the glasses with those for AlPO4 we
conclude that there are on average about 0.5 Al−O−P linkages
for this species in the glasses 10-Al and 15-Al. Finally, the six-
coordinated Al species contain a significant fraction of Al−O−P
linkages: While in the sample Al-10 the experimental scatter is
considerable, owing to the low intensity of the Al(6) signal, for
the Al-15 sample a reliable numerical M2 value is available,
indicating that between one and two of the six next-nearest
neighbors are phosphorus atoms. Figure 8 summarizes typical
29Si MAS NMR spectra, and Table 3 specifies the line shape
parameters of their deconvolution components. The spectrum
of the Al-free sample comprises three contributions: the
dominant one at −110 ppm can be assigned to Q(4) units,
the shoulder at −101 ppm to some residual Q(3)OH groups,

and the weak feature near −88 ppm to a few Q(2)(OH)2 units.
There is also no indication of any low-frequency component,
indicating the absence of Si−O−P linkages, consistent with the
MD simulation study.20 While the sample containing 3 mol %
Al shows a rather similar spectrum, the higher-frequency
spectral contributions appear somewhat enhanced. This effect
can be attributed to additional Si−O−Al linkages that are being
formed owing to the presence of aluminum. The signals of
those silicon species containing Si−O−Al linkages overlaps
with those of the hydroxylated silicon atoms. Finally in the 10-
Al and 15-Al samples, the spectroscopic resolution is generally
lower; however, the center of gravity has shifted significantly
toward higher resonance frequencies, consistent with the
formation of more Si−O−Al linkages as expected.
Figure 9 summarizes the results from 31P MAS NMR. Peak

deconvolutions and assignments are summarized in Table 4. In
the absence of aluminum, one dominant peak at 2.7 ppm is
observed, which can be assigned to a triply charged
orthophosphate (P(0)) species, and a minor contribution near
−2.0 ppm suggests the formation of some doubly charged P(1)

phosphate species. Here the superscript denotes the number of
bridging oxygen atoms (rather than the number of P−O−P
linkages that would be specified in the Q(n) nomenclature). The
charges of these anions are balanced by Ca2+ ions. This
assignment is consistent with MD simulation studies on 45S5
glass.20 As the Al content is gradually increased, the feature near
−2.0 ppm gradually becomes stronger, suggesting a systematic

Figure 7. 27Al{31P}-REDOR results for sample 10.0 Al-MBG (left) and 15.0 Al-MBG (right). Solid curves are parabolic fits to eq 1. Insets show the
fitting model used for extracting site selective M2 values for the three Al species discussed in the text.

Table 2. 27Al MAS-NMR Parameters of the Samples under Study: Isotropic Chemical Shifts δiso
cs, Fractional Areas f1, and

Dipolar Second Moments M2 Characterizing the Strength of 27Al−31P Dipolar Coupling

sample
δiso

cs (ppm
± 1 ppm)

f1 (%
± 5%)

M2 (10
6rad2/s2

± 10%)
δiso (ppm

a

± 1 ppm)
f 2 (%
± 5%)

M2 (10
6 rad2/s2

± 10%)
δiso

cs (ppm
± 1 ppm)

f 3 (%
± 5%)

M2 (10
6 rad2/s2

± 10%)

0.0 Al-MBG - - - - - - - - -
0.5 Al-MBG 56 88 (43) 12
1.0 Al-MBG 55 83 (44) 17
2.0 Al-MBG 56 75 (43) 25
3.0 Al-MBG 56 72 0.10 (44) 28 0.22
5.0 Al-MBG 55 78 (44) 22
10.0 Al-MBG 58 63 0.27 (50) 34 0.67 3 3 n.d.
15.0 Al-MBG 58 46 0.26 (49) 44 0.54 6 10 1.5

aFor the site near 43−50 ppm, only the total isotropic shift, comprised of chemical shift and second-order quadrupolar shift, is listed.
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increase of the P(1) species concentration with increasing Al2O3

content. At and above 5 mol % Al2O3, dramatic changes are
observed: the spectra are significantly broadened and seem to
be comprised of multiple contributions. Based on REAPDOR
spectral editing experiments, we can deconvolute the 31P MAS
NMR line shape into three distinct contributions: a component
near 2 ppm, which corresponds to the dominant site observed
in the low-Al containing glasses, having no Al species in its
second coordination sphere (essentially zero REAPDOR
effect), and two components near −6 and −13 ppm, which
are characterized by 31P−27Al dipolar interactions of com-
parable magnitude (see Figure 10). These sites are identified as
doubly charged P(1) and singly charged P(2) sites, respectively,
having at least one P−O−Al linkage. Owing to signal-to-noise
limitations and the poorly defined 27Al nuclear electric
quadrupolar coupling strength we are unable to deduce more

quantitative information about the average numbers of P−O−
Al linkages from these REAPDOR data.

■ DISCUSSION AND CONCLUSIONS

The bioactivity of a material is defined by the kinetics of P, Ca,
and Si release and uptake as well as the ability to form a HCA
layer on the surface. Accessible surface area and porosity
constitute two important parameters that typically affect the
bioactivity of mesoporous bioactive glasses (MBGs).
The present work on Al-doped MBGs reveals that the

bioactivity decreases considerably when the Al2O3 concen-
tration increases beyond 3 mol %, while both the specific
surface area and porosity of the samples has varied only slightly
(Table 5). As an example, the glass with 0.5 mol % Al2O3 (463
m2/g, 0.73 cm3/g) is highly active, while the glass with 10 mol
% Al2O3 (438 m

2/g, 0.64 cm3/g) can be considered inactive. In

Figure 8. 29Si MAS NMR spectra measured for representative samples and suggested peak deconvolutions (red curves, see Table 3).

Table 3. 29Si MAS NMR Parameters of the Samples under Study

sample δiso (ppm) f (%) δiso (ppm) f (%) δiso (ppm) f (%)

0.0 Al-MBG −88 ± l ppm 7 ± 5% −101 ± l ppm 50 ± 5% −110 ± l ppm 43 ± 5%
0.5 Al-MBG
1.0 Al-MBG
2.0 Al-MBG
3.0 Al-MBG −93 15 −100 26.0 −108 59
5.0 Al-MBG
10.0 Al-MBG −99 69 −106 31
15.0 Al-MBG −90 36 −100 64
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addition, we could not identify any correlation of the bioactivity
with the pore structure. Therefore, the changes in bioactivity
are attributed predominantly to the incorporation of Al2O3.
The NMR results indicate that the phosphorus speciation in

the present samples is profoundly influenced by the Al2O3

component. As previously discussed, the phosphate species in

bioactive glasses is predominantly of the Q(0) type if the
inventory of modifier cations is sufficient to balance all of the
orthophosphate species present.34,35 Regarding this model, the
Al-free glass of the present study would be perfectly charge
balanced if the Ca2+ ions were entirely directed to compensate
the charge of the orthophosphate ions. Even so, the signal

Figure 9. 31P MAS NMR spectra of representative samples and suggested peak deconvolutions (red curves, see Table 4).

Table 4. 31P MAS NMR Parameters of the Studied Samplesa

sample δiso (
31P) (ppm ± 0.5 ppm) Δ (ppm ± 0.5 ppm) fraction (% ± 5%) A phosphate + aluminate

0.0 Al-MBG 2.7 6.1 78 27.8
−2.0 11.2 22

0.5 Al-MBG 2.7 6.0 87 28.7 + 1.0 = 29.7
−1.9 12.9 13

1.0 Al-MBG 2.7 5.9 80 28.0 + 2.0 = 30.00
−1.9 13.4 20

2.0 Al-MBG. 2.7 6.1 78 27.8 + 4.0 = 31.8
−1.9 11.1 22

3.0 Al-MBG 2.7 6.1 67 26.7 + 6 = 32.7
−1.9 13.7 33

5.0 Al-MBG 2.7 6.1 58 24.9 + 9.0 = 33.9
−2.0 16.4 33
−13.3 28.0 9

10.0 Al-MBG 1.9 7.7 12 14.9 + 15.9 = 30.8
−5.3 13.0 24
−13.6 24.2 65

15.0 Al-MBG −6.6 13.1 20 12.0 + 20.4 = 32.4
−14.6 22.0 80

aThe last column gives the total number of anionic charges, separately listed for the phosphate and the aluminate contributions, as calculated by eq 2.
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component near −2 ppm signifies some fraction of doubly
charged phosphate end group species having a single bridging
oxygen atom. This observation agrees with literature reports,
which find minor amounts of such more polymerized
phosphate species even in Na2O−CaO−SiO2−P2O5 glasses
having excess modifier ion concentrations.35,36 Whether these
units are pyrophosphate groups or end-groups linking to silica
with P−O−Si linkages cannot be determined at the present
stage. As the Al2O3 content of the glasses increases, both the
29Si and 27Al NMR results indicate that the Al atoms are
integrated into the aluminosilicate network, forming AlO4/2

−

units linked to silicon (signal at δiso = 58 ppm). As each such
anionic unit requires extra charge compensation by Ca2+ ions
(one unit of CaO per unit of Al2O3), fewer modifier ions are
available for charge balancing the phosphate species. Con-
sequently the fraction of Q(0) species decreases and the fraction
of higher polymerized phosphate species increases with
increasing Al2O3 content. Based on the phosphorus and
aluminum speciations shown in Table 2 and Table 4, we can
deduce the total number of anionic charges for each of the glass
samples. In doing so we consider further that those AlO4/2

−

units involved in an Al−O−P linkage do not require charge
compensation, as the oxygen atoms in such linkages are
perfectly charge balanced by the difference in the bond valences
of aluminum (0.75) and phosphorus (1.25). According to the
REDOR-M2 measurement this concerns about one-half of the
Al species contributing to the 49 ppm signal in the 10-Al and
15-Al samples, whereas for the lower Al content samples this
number is negligible. Specifically, we calculate the total anionic
charge A from the following formula:

= + +

+ +

A f f f

y f f

10[3 (P ) 2 (P 1 (P ]

2 [ (Al(4) 0.5 (Al(4)]

(0) (1) (2)

1 2 (2)

where y is the Al2O3 content, f1 and f 2 are the fractions of the
two types of four-coordinate Al species and the fraction of
those Al species contributing to the 44−50 ppm signal is only
counted half because only the Al atoms not involved in Al−O−
P linkages require charge balancing.
Proceeding in this fashion, we arrive at total anionic charges

in the vicinity of 30 mol % for all the glasses of the present
study (see last column in Table 4). Considering the inherent
error in fitting the 27Al and 31P MAS NMR spectra to three
overlapping components each, the agreement with this model
can be considered excellent. An interesting situation arises for
the 15-Al sample (and to a minor extent in the 10-Al sample as
well), where the amount of Ca2+ present is insufficient to
balance all the anionic charges associated with the phosphate
and AlO4/2

− species. In these glasses the charge deficit is
balanced by minor amounts of Al atoms adopting a network
modifier role, forming six-coordinate aluminum, thereby
contributing to the cation inventory. This charge balancing
mechanism is well-known to occur in peraluminous alkaline
and alkaline-earth aluminosilicate glasses.37 The 27Al{31P}
REDOR data indicate further that these higher-coordinated
Al species interact strongly with the phosphate ions.
The bioactivity results are in accordance with the NMR

observations. In the case of the Al-free glass HCA appears on
the MBG surface already after 1 d in SBF (see Figure 3a). This
is complemented by the Ca and P concentration profiles (see
Figure 4), which document the release and subsequent
reuptake of Ca and P, thus indicating the incorporation of Ca
and P and formation of CaP. Simultaneously, Si is released
from the glass network, which is known to be a stimulator of
osteogenetic genes.33 MBGs with small Al2O3 concentrations,
i.e., 0.5 and 1 mol %, exhibit similar, and even faster, Ca, P, and
Si release profiles and thus slightly improved bioactivity,
compared with the Al-free glass. Considering that the presence
of Al2O3 has altered the mesostructure of MBG from
hexagonally ordered cylindrical mesopores to random spherical
micelles (see Figure 1a−c), a sole effect of pore structure on the
bioactivity appears negligible.
The HCA formation on MBG, however, is significantly

reduced upon further increasing the Al concentration to 3 mol
%. The decreased bioactivity is attributed partly to emerging
P−O−Al linkages as indicated by NMR (see Figure 9 and
Figure c (Supporting Information)). Presumably, the prefer-
ential interaction of P with Al over Ca hampers the release of P
and restricts the formation of CaP, which is in line with the
concentration profiles in Figure 4. In addition, the amount of Si
released after 7 d in SBF is considerably lower compared to the
samples with lower Al contents. This is attributed to the
formation of Si−O−Al linkages within the glass network (see
Figure 7), which inhibit the Si release. Furthermore, the anionic
AlO4/2

− units linked to silicon require charge compensation by
Ca2+, which means that less Ca2+ is available for CaP formation
(Figure 4), thus contributing to a reduced bioactivity.
As the Al2O3 content increases further to 10 and 15 mol %,

the MBGs show no visible HCA formation on the surface after
1 d in SBF anymore (see Figure 3e,f). This is in line with the
ICP-OES data, which show no significant Ca reuptake.
Similarly, the silicon release of the glasses with 10 and 15

Figure 10. 31P{27Al}-REAPDOR results analyzed separately for the
three phosphorus sites of glass MBG-Al-10. Solid lines are drawn to
connect data points.

Table 5. Specific Surface Area, Pore Volume, Pore Size, and
Order of the Mesopores of MBGs with 0 mol %, 0.5 mol %, 1
mol %, 3 mol %, 10 mol %, and 15 mol % Al2O3

surface area
(m2/g)

pore volume
(cm3/g)

pore size
(nm)

mesopore
order

MBG 575 0.89 6.21 hex.
0.5 Al-MBG 369 0.68 5.91 hex.
1 Al-MBG 596 0.85 5.31 worml.
3 Al-MBG 443 0.53 3.93 spher.
10 Al-MBG 438 0.64 5.05 spher.
15 Al-MBG 289 0.51 5.58 hex.
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mol % Al2O3 is decreased further and now constitutes only
about one-third of the amount released by the undoped MBG.
Importantly, the P concentration profiles differ considerably

for the various MBG samples. While there still is a small P
exchange with SBF in the sample with 3% Al, the MBG with
10% shows neither a measurable P release nor significant
uptake. This trend correlates well with the increase in
concentration of P−O−Al linkages observed by NMR (see
Figure 9), which effectively stabilize P in the glass framework
and prevents CaP formation. Interestingly, the MBG with 15
mol % shows a continuous P uptake, albeit without previous
release. This may be attributed to the presence of six-coordinate
aluminum in the glass framework (NMR, Figure 9) as a
consequence of insufficient charge-compensation by Ca2+ ions.
The excess of Al and its strong affinity to P can trigger the
uptake of additional P directly from the SBF solution.
In conclusion, doping of MBG with small amounts of Al2O3

(0.5 and 1 mol %) does not alter the bioactivity significantly
and may even improve it slightly, in contrast to previous
expectations. This is an important finding, because it shows that
small amounts of Al2O3 can indeed be used to improve the
mechanical properties of bioactive glasses without restricting
their applicability in tissue engineering. However, if the Al2O3
concentration increases beyond 3 mol %, the bioactivity is
considerably diminished by the incorporation of Al in the form
of Al−O−P and Si−O−Al linkages (as well as 6-coordinate
aluminum species at higher loadings), which inhibit the release
of both P and Si. In addition, anionic AlO4/2

− units linked to
silicon require charge compensation by Ca2+ thus decreasing
the availability of Ca2+ cations for CaP formation. This work
demonstrates the importance of solid-state NMR techniques in
revealing mechanistic details of doped bioactive glasses.
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