
6620 Chem. Commun., 2013, 49, 6620--6622 This journal is c The Royal Society of Chemistry 2013

Cite this: Chem. Commun.,2013,
49, 6620

Bioactive glass nanoparticles obtained through sol–gel
chemistry†

Anna Lukowiak,*abc Jonathan Lao,d Josephine Lacroixd and Jean-Marie Nedelec*ab

Different sol–gel strategies based on the Stöber method are

proposed enabling preparation of nanoparticles of SiO2–CaO

bioactive glass with different size, narrow size distribution and

good dispersion capability. Eu3+-doped glass nanoparticles with

luminescent properties can also be obtained.

The sol–gel processing in fabrication of bioactive gel–glass mate-
rials was reported for the first time in 1991.1 As compared to
conventional materials obtained by the melt-quenching route (e.g.
Bioglasss), these glasses often demonstrate higher bioactivity
with higher SiO2 limits, beyond which the powders lose their
bioactive properties (up to 90% of SiO2 instead of 60% required in
Bioglasss). Moreover, the simplified binary SiO2–CaO system
obtained by the sol–gel method can be as bioactive as the
quaternary system of 45S5 Bioglasss.2 In general, this process
leads to the formation of samples with high surface area rich in
silanol groups that increases the degradation rate and promotes
the formation of the Hydroxy Carbonate Apatite (HCA) layer.3

Nowadays, great interest is shown in the synthesis of bioactive
glass at the nanoscale level. The nanosized powders can be used in
scaffolds4 or other nanocomposites5 and form bioactive coatings.6

It was shown that the nanocomposites exhibit better bioactivity and
higher mechanical stability as compared to the similar microcom-
posites.7 The reduced size of the particles is important for their
possible direct applications in the body in the injectable systems.
The bioactivity is strongly dependent on the particle size and
increases with the decrease in the particle diameter that promotes
the biomineralization process, increases protein adhesion,

enhances osteoblast proliferation or differentiation, and engenders
the anti-microbial and anti-inflammatory properties.8

The sol–gel procedure used for the synthesis of spherical
glass nanoparticles is usually based on the modified Stöber
method9 with a two step process: the precursors are first
hydrolyzed to sol under acidic conditions and then condensed
to gel particles in alkaline solution.10 Other routes have also
been developed such as reactions with the addition of organic
compounds (e.g. polyethylene glycol,8a Boltornt polymer,11

cetrimonium bromide12 or polystyrene beads13) and in water
in oil microemulsion systems.14 The described glass spheres
had diameter in the range of 20–700 nm depending on the
preparation method where the important parameters are tem-
perature, pH, and composition of the reaction mixture.10c,d,15

In spite of the simplicity of the sol–gel method, producing
spherical and monodisperse bioactive glass nanoparticles is not
trivial.16 The problems that occur after these syntheses are
size irregularity, polydispersity, and agglomeration of the
particles.4c,10d,11,14c,15b,17 Also in a lot of studies, chemical analysis
has not been performed questioning the chemical homogeneity of
the obtained particles. Therefore, the investigation into the
preparation and biological properties of the monodispersed
particles in the nanometer size range is a matter of considerable
importance. Herein, we present the possibility of application of
the sol–gel method in preparation of spherical nanoparticles of
SiO2–CaO with different particle size distribution. In order to
extend the range of possible applications of high-surface bioactive
glasses, the first attempt to produce and characterize luminescent
Eu3+-doped nanoparticles is also described.‡

In all the performed experiments, the amount of substrates used
for synthesis was calculated to obtain B75 glass, which means that
the composition of 75SiO2–25CaO is in wt% (Table S1, ESI†). The
amorphous systems have been obtained (Fig. S1, ESI†). The Standard
Stöber Method (SSM), widely applied for the synthesis of mono-
dispersed silica spheres, seems to fail in fabrication of similar silica–
calcia particles. As a result of the hydrolysis of tetraethyl orthosilicate
(TEOS) catalyzed with ammonia solution in the presence of calcium
nitrate (CN), very fine and highly agglomerated powder was obtained
with only some spherical particles that were seen on the SEM
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micrograph (+ = 350 nm, Fig. S2, ESI†). Good results in ammonia
catalyzed reaction have been previously reported but only when some
additional organic compounds were used during the syntheses.11,12

Much better results can be achieved using the Modified Stöber
Method (MSM). In this two-step procedure, TEOS was hydrolyzed first
under acidic conditions, and afterwards condensed to gel particles in
alkaline solution. The factors such as pH, volume of solvents or the
ratio of reagents influence the chemical process of hydrolysis and
polycondensation, determining the final size of the sol–gel-derived
particles. The two modified Stöber methods performed in this study
(MSM1 and MSM2) differ mainly in the amount of ammonia solution
and water used for the synthesis (Table S1, ESI†) as well as in the step
of adding calcium nitrate to the reaction mixture. In both cases, the
condensation reactions occurred very fast after the addition of
prehydrolysed TEOS to the ammonia solution, so the gelation time
was significantly reduced as compared to the conventional sol–gel
process (a few minutes instead of a few days). One can note the
difference in the diameters of the obtained colloidal particles. MSM1
resulted in spheres with the average diameter of about 90 nm
(Fig. 1(a) and 2(a)) whereas MSM2 gave bigger particles with the
average diameter of 275 nm (Fig. 1(b)). Higher quantity of water

(and a lower amount of ethanol) and lower pH during synthesis in
the second case are responsible for this effect. Due to the low polarity
of ethanol in comparison with water, addition of ethanol to the
reaction mixture reduces the rate of hydrolysis in alkoxides and the
colloid growth during the polycondensation process. Therefore,
smaller glass particles are observed. In Fig. 1(d), the size distribution
determined from the micrographs is presented. In the case of MSM2,
the size of most of the particles is in the narrow range between 270
and 320 nm but also much smaller spheres can be seen. Therefore,
the standard deviation index (SDI) calculated for the size of this
powder was quite high (see Table 1). On the TEM image (Fig. 2(a)),
the rough surface of these spheres is observed.

The final composition of the glass may be different from the
designed one. Therefore, the ratio of the oxides has been deter-
mined by energy dispersive X-ray analysis (EDS, Table 1). The
compositions of nanoglasses were different from the content of
the designed oxides (75SiO2–25CaO) and resulted to be 11% and
19% of CaO for MSM1 and MSM2 samples, respectively. Some
quantity of Ca2+ ions has not been incorporated into the matrix and
has been removed during washing of the powders after synthesis.
The incorporation of the Ca2+ ions was much higher when CN was
added to the sol at the beginning of the synthesis (MSM2). However,
a similar procedure applied in the MSM1 method has not resulted
in spherical particles. To increase the amount of calcium oxide in
the MSM1 sample, the following experiment was performed. The
initial quantity of Ca2+ was increased up to 35% (MSM10) and for
this sample the final average content of CaO resulted to be 24%.
Thus to obtain B75 glass, a higher amount of CN had to be used.

The Stöber method applied in the reverse MicroEmulsion (MEM)
system allowed us to fabricate glass particles without the hydrolysis
of TEOS under acidic conditions. The time needed for hydrolysis
and condensation reactions is longer than that required in previous
routes but smaller particles can be obtained (Fig. 1(c)). The average
diameter of spheres estimated from the micrographs was equal to
92 nm. The micrographs indicate good monodispersity of the
particles’ size (Fig. 1(d)). The standard deviation index was equal
to 7 and was much lower than for the MSM1 sample (SDI = 31) that
had the same average size of the spheres. The TEM picture (Fig. 2(b))
confirms good dispersion of the powder in the ethanol solution. The
glass seems to be formed as hollow spheres (Fig. 2(c)) which is in
agreement with the previous report concerning silica particles
obtained by the microemulsion technique.18 The composition of
the obtained glass (24% CaO) was almost consistent with the
designed one (25%), so it was not greatly affected during the
synthesis. The disadvantages of this procedure are the small amount
of powder obtained as a result of the synthesis, the necessity of using
organic solvents (e.g. cyclohexane) and the multistep washing

Fig. 1 SEM images of MSM1 (a), MSM2 (b), and MEM (c) samples (the scale bar is
100 nm) with size distribution of glass particles determined from micrographs (d).

Fig. 2 TEM images of MSM1 (a) and MEM (b and c) samples with size
distribution of glass particles determined by DLS (d).

Table 1 Composition, average diameter, and specific surface area of glass particles

Sample CaO wt% Dmicrographs (SDI a) nm DDLS (PDI b) nm SBET m2 g�1

SSM 28 Rare spheres E 350 >7000 80
MSM1 11 92 (31) 147 (0.088) 33
MSM10 24 86 (34) 156 (0.160) 35
MSM2 19 275 (47) 358 (0.064) 15
MEM 24 92 (7) 146 (0.142) 36
Eu:MSM1 28 96 (30) 167 (0.104) —

a SDI – Standard deviation index. b PDI – Polydispersity index.
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procedure needed to remove the surfactant. In contrast, the MSM
methods are faster and are based on the common solvents that can
be easily removed after the synthesis.

The average sizes of all the particles measured using the dynamic
light scattering (DLS) technique (Fig. 2(d)) were higher than the
results obtained from micrographs (Table 1) probably due to the
partial aggregation. The diameters of MSM1 and MEM samples were
around 150 nm. This value was higher for MSM2 particles and was
equal to 360 nm. For SSM synthesis, the main distribution was
bimodal with particle diameters of 300 nm (secondary mode) and
10 mm (primary mode) corresponding to aggregates (data not shown).

The specific surface area obtained for spherical particles of glass
(Table 1) was the highest for MEM powder (36 m2 g�1) and the
lowest for bigger particles of the MSM2 sample (15 m2 g�1). These
values are in accordance with the result reported by Labbaf et al.
for B86 glass with the average diameter of 250 nm and SBET =
28 m2 g�1.11 A higher specific surface area (80 m2 g�1) was registered
in this study for the very small but agglomerated SSM particles.

The MSM1 method was used to prepare the Eu3+-doped sample
(Eu:MSM1) with the final composition of 70SiO2–28CaO–2Eu2O3.
The particle size and distribution were similar to those of the
undoped MSM1 sample (see Table 1, Fig. 2(d), and Fig. S3 ESI†).
Under excitation at 532 nm (7F1 -

5D1), the characteristic emission
spectrum of Eu3+ ions in glass was registered with the bands
assigned to the transitions from the excited 5D0 state to the 7FJ

ground state levels (Fig. 3). The bright red emission is observed
mainly as a result of the most intense 5D0 -

7F2 transition (615 nm).
Due to the properties of europium ions as optical probes of the local
structure, the detailed studies on the crystallization in the glass
hosts could be further performed.19 Moreover, Eu3+-doped particles
show the potential to be tracked or monitored by the luminescence
that could be useful for instance in drug delivery systems.

In summary, the different modifications of the sol–gel method
enabled preparation of spherical particles of SiO2–CaO binary glass in
the nano- and submicrometer size range with controlled composition
and morphology. In comparison to previous reports concerning
bioactive glass particles prepared by the sol–gel technique, the
reported samples have a similar or slightly bigger average diameter
but are less aggregated and present narrow size distribution. The
high specific surface area of bioactive nanoglasses should promote
faster biodegradation of the material which means fast release of the
ions into the body fluids providing more nucleation sites for apatite
nanocrystals. At the same time, higher protein adsorption is expected.

These processes can increase significantly the bioactivity of the
sol–gel-derived particles.5c Therefore, they are an attractive alternative
to commercial Bioglasss microparticles giving new perspectives for
glasses as third-generation biomaterials for tissue regeneration.

Notes and references
‡ Four different routes have been optimized for the synthesis of particles.
The first one was based on the standard Stöber method (SSM method).9 In
the next two (MSM1 and MSM2 methods), the procedure was modified by
performing the prehydrolysis of TEOS in acidic solution that was further
added to ammonia solution. Calcium nitrate was added at the beginning
of the synthesis (MSM2) or later, upon stirring the mixture under basic
conditions (MSM1). An attempt has also been made to use water in an oil
microemulsion system (MEM method) for the synthesis of particles in the
presence of NH4OH. The synthesis details and apparatus used for sample
characterization can be found in ESI.†
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Fig. 3 Emission spectrum of the MSM1 sample doped with Eu3+.
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