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Abstract Silica matrices synthesized from a pre-hydro-
lysis step in ethanol followed by alcohol removal at low
pressure distillation, and condensation in water, are suit-
able for encapsulation of biomolecules and microorgan-
isms and building bioactive materials with optimized
optical properties. Here we analyze the microstructure of
these hydrogels from the dependence of I(g) data acquired
from SAXS experiments over a wide range of silica con-
centration and pH employed in the condensation step. From
the resulting data it is shown that there is a clear correlation
between the microscopic parameters—cluster fractal
dimension (D), elementary particle radius (a) and cluster
gyration radius (R)—with the attenuation of visible light
when the condensation step proceeds at pH < 6. At higher
pHs, there is a steep dependence of the cluster density
(~RP73) with the condensation pH, and non-monotonous
changes of attenuance are less than 20%, revealing the
complexity of the system. These results, which were
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obtained for a wide pH and silica concentration range,
reinforce the idea that the behavior of gels determined in a
restricted interval of synthesis variables cannot be extrap-
olated, and comparison of gelation times is not enough for
predicting their properties.

Keywords Silica hydrogels - TEOS alcohol-free - SAXS
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1 Introduction

Sol-gel process is a well known route for the synthesis of
novel inorganic and hybrid materials ranging from
ceramics to biocompatible soft inorganic gels. The prop-
erties of the final product can be tuned by controlling the
solution parameters from which a sol and a particulate or
polymeric network are formed [1]. Silica based hydrogels
are recognized as suitable matrices for building hybrid
materials with biological activity by encapsulation of
enzymes, antibodies or other macromolecules [2-4].
Moreover, stable and non-degradable silica-based hydro-
gels are extensively used for living cells entrapment [5-7]
for different applications, such as the design of biosensors
[8] or modular bioreactors [9, 10].

The encapsulation of living cells inside inorganic
matrices implies an intrinsic limitation in synthesis con-
ditions, as the overall process must evolve within bio-
compatible chemical constraints imposed by the
encapsulated cell strain [11]. On the other hand, depending
on the application for which the biomaterial is developed,
some macroscopic properties of such wet gels are desirable
or even necessary. Examples of these cases are biosensors
and devices based on encapsulation of photosynthetic cells
in which the optical properties are of crucial importance
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[12, 13]. In these cases, the optimization of optical quality
must fulfill other needs, such as porosity, density, hardness
and elasticity that require a fine control of the synthesis
parameters and a detailed characterization of their structure
in the 0.1 nm—1 pm range. Nevertheless, the achievement
of materials with good macroscopic properties often pro-
duces death or stress due to the release of toxic by-products
originated during the synthesis [14]. Nowadays a wide
range of potential applications are envisaged which
demand a growing variety of strains and the development
of novel host materials and/or synthetic pathways is nec-
essary to satisfy particular requirements.

The relationship between synthesis parameters, micro-
structure and macroscopic properties is still a challenge for
the design of hybrid and bioactive materials based on silica
derived from sol-gel pathways. During the last decades,
the bulk structure of silica based gels has been extensively
studied mainly by scattering techniques (neutrons, X-ray,
light) [15-17]. It has been shown that the silica backbone is
formed by fractal clusters resulting from condensation and
particle-aggregation processes [18, 19]. These clusters can
be described by their radius of gyration (R), the radius of
gyration of the elementary particles composing the cluster
(a) and their fractal dimension (D)' that represents de mass
distribution in the volume: m—P, where m is the mass and
r is the distance in the D-dimensional space [20]. It was
found that the fractal dimension (D) ranges between 2.2
and 1.7 [21] depending on the gelation mechanism, e.g.
Diffusion Limited (DLA) or Reaction Limited (RLA)
cluster—cluster Aggregation [22, 23].

Although one common pathway for SiO, gel formation
is the catalytic polycondensation of tetra-alkoxysilanes in
an alcoholic environment [24-26], cytocompatible silica
hydrogels are mainly synthesized from aqueous sodium
silicates [27-31], where the harmfulness of the alcohol by-
product is avoided at the expense of the osmotic stress
produced by Na™ ions [14, 32]. These aqueous derived gels
usually exhibit poorer optical and mechanical properties
than those synthesized in alcohol. Another way to enhance
the viability of encapsulated cells using the alcoxide route
is to separate the hydrolysis and condensation steps.
Hydrolysis is performed in acid media with water added as
a limiting reagent, followed by low pressure removal of the
cytotoxic alcohol [33-35]. In this alcohol-free route, for
building bioactive materials, the condensation of alkoxide
precursors is done immediately before the addition of liv-
ing cells suspended in a buffer aqueous solution at the
appropriate physiological pH. Thus, although the hydro-
lysis is conducted in alcohol, the aggregation and

' As discussed later, in the Sect. 3, the interpretation of experimental
results as indicating “fractality” is a matter of discussion (see
Vinogradova et al. [39]).

condensation processes occur in aqueous media, and the
resulting hydrogels display distinct macroscopic properties.

Within this framework, the aim of this work is to
establish a correlation between the microstructure and
macroscopic properties—such as optical quality—in order
to rationalize the synthesis of alcohol-free tetraethoxysi-
lane derived silica hydrogels (AFTD) for the design of
bioactive materials. The approach employed to achieve this
goal is the analysis of the scattering function, /(g), obtained
from SAXS experiments for silica hydrogels with variable
concentration of silica and condensation pH. From the
obtained results, two regions with different behavior are
defined in relation to the dependence of microstructure and
optical quality with the synthesis conditions.

2 Materials and methods

Different parameters such as the condensation pH and the
concentration of silica precursors were systematically
changed, thus controlling time of gelation and structure of
the formed hydrogel. TEOS (Aldrich) was employed as
silica precursor, following the alcohol free procedure [33].
Briefly, a silica sol stock solution was prepared by mixing
5.58 mL of tetraethoxysilane (TEOS, from Sigma—Aldrich),
1.9 mL of water and 0.125 mL of HC1 0.62 M. The mixture
was stirred vigorously to obtain a homogeneous solution (i.e.
to completeness of the hydrolysis reaction). The removal of
the alcohol (up to ~96%) was achieved by rotavapor with
controlled vacuum (30 mbar) and soft thermal treating
(40 °C) on the hydrolyzed and diluted sol (50% in water).
Different volumes of silica sol stock and phosphate buffer
solutions (0.1 M, pH between 6 and 8) were mixed to obtain
silica content between 3.6 and 10.7% in the final hydrogel
samples, condensed at pH between 2.5 and 7.5.

The optical properties were evaluated by attenuance at
400 nm of samples aged 24 h in phosphate buffer (pH 6.5,
0.1 M).

The microstructure characterization was performed at
the LNLS SAXS2 beamline in Campinas, Brazil, working
at 4 = 0.1488 nm, wave vector range: 0.09 nm~! < q<
2.2 nm~ ' and a sample stage in vacuum with mica windows
(standard for liquids) [36]. Data analysis was done with
SASfit program [37].

3 Results

Figure 1 shows the evolution of the gelation time (t,) with
silica concentration and the pH at which condensation
occurs. The hydrolysis conditions were identical for all the
prepared samples while the pH of condensation was varied
from 2.5 to 7.5. For all silica concentrations used in this
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Fig. 1 Logarithm of the gelation time, ¢, (in minutes), determined for
hydrogels as a function of silica concentrations and pH of conden-
sation. The symbols correspond to the experimental measurements

work, the gelation time presents a minimum in the pH range
5.5-6.0 (pHyyin)- It is worth noting that although the depen-
dence of gelation time with pH follows the same trend for
different silica concentrations, increasing the amount of
silica causes a shift of the pH,,;, towards lower pH values.

Figure 2 shows plots of the SAXS intensity I(gq) as a
function of the modulus of scattering vector, g, for the
hydrogels with different silica content (3.6-10.7%), syn-
thesized at different condensation pH (2.5-7.5). The log—
log SAXS intensity plots of AFTD hydrogels can be
modelled as a mass fractal system [18, 19, 38, 39],
although the rigorous interpretation of experimental results
as indicating “fractality” requires many orders of magni-
tude of power-law scaling [40]. In this work, as the
empirical values of D fall in the fractal regime 0 < D < 3,
the parameter D will be denoted as “fractal dimension”,
allowing a comparison between the experimentally derived
objects and simulated objects obtained from fractal models.

Figure 3 show the different fitting parameters of the
scattering curves: the radius of gyration of the elementary
units, the fractal dimension and the radius of gyration of
the primary cluster, respectively, as a function of the
condensation pH for different SiO, concentration.

The fractal dimension (D) and the radius of gyration of
the primary cluster (R) were evaluated in terms of a mass
fractal aggregation model, with an autocorrelation function
of the form

g(r) = rP~h(r, &)
where d is the spatial dimension and the exponential cut-off
function h describes the perimeter of the aggregate [41].

The parameter ¢ is a cut-off length for the fractal
correlation, proportional to the radius of gyration (R).
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Fig. 2 Log-log SAXS intensity plots of TEOS derived hydrogels at
the pH values indicated on each curve. The fine-lines are fittings of
the experimental data using the mass fractal approach (low g region)
and the power law at the Porod region (high q region). The curves are
vertically shifted for clarity. The arrows show the ¢ values from
which the radius of gyration of elementary particles, a, is derived

h = exp {— %]
2 2R?
D(D+1)

The values of the parameter a are obtained from the
scattering curves from the g value corresponding to the
intersection of the fit calculated for the experimental curve
with the mass fractal approximation and the linear fit of the
Porod region (indicated by the arrows in Fig. 2). The fact
that for higher values of ¢ the scattering curves can be fitted
by the Porod approximation, I(q) ~ ¢ *, indicate that we
are dealing with Euclidean elementary particles (i.e. dense
particles) instead of polymeric clusters of radius a.

Both R and D (Fig. 3a, b) show a slight dependence on
pH below pH ~ 5.5 and a steepest variation above this pH
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Fig. 3 Parameters derived from the fit of scattering curves as those in
Fig. 2 as a function of condensation pH for the silica concentration
indicated in the legends. a R Radius of gyration of primary clusters,
b D Fractal dimension, ¢ a Radius of gyration of the elementary
particles

value, and decrease as the silica concentration increases
(see Supplementary Information, figures SI-2 and SI-3).
As can be seen in Fig. 3c, the parameter a is strongly
dependent on the condensation pH but it is independent of
the silica concentration, as all the compositions fall in the
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Fig. 4 Attenuance at 400 nm of hydrogels as a function of the silica
concentration and the condensation pH. The symbols correspond to
the experimental measurements. Inset UV—vis spectra of one repre-
sentative sample (silica content of 7.2%, condensation pH = 5.13);
the corresponding data point is shown by the arrow

same curve. At pH values below 4.5, no dense particles can
be observed in the g range studied (i.e. with a radius of
gyration >3 nm).

Figure 4 shows the dependence of the attenuance at
400 nm of AFTD hydrogels with silica concentration and
the pH of condensation. As a general trend, for a fixed
silica concentration, the attenuance increases with the
condensation pH, presenting a relative maximum at a
pH ~ 6. It is worth noting that this pH value coincides
with the pH of the minimum gelation time (pH,,;,) for each
silica concentration (see Fig. 1). For samples synthesized
at a fixed condensation pH in the range 3-0, raising the
silica concentration improves their optical quality. How-
ever, for higher pH values, the attenuance does not follow a
simple trend with respect to the condensation pH and/or the
silica concentration.

4 Discussion

The polymerization of alkoxysilanes leading to gels
involves hydrolysis and condensation reactions. In this
particular case both stages can be differentiated because
condensation is negligible in acid media at which hydro-
lysis is conducted [1]. In contrast, the condensation is
catalysed by OH™ and thus it goes faster at higher pH.
From a macroscopic point of view, hydrolysed species can
condense to form dense silica particles statistically dis-
tributed in the sample volume, which in turn diffuse and
aggregate to form the fractal clusters that collide to form a
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gel (see Supplementary Information figure SI-1). The
attachment of particles to form clusters and cluster—cluster
aggregation to form larger structures is also dependent on
the pH of the condensation stage. Since the surface of silica
is negatively charged above the isoelectric point, the higher
the pH, the stronger the electrostatic repulsion between the
particles (see Supplementary Information figure SI-3).

For all the silica concentrations used in this work, the
gelation time presents a minimum in the pH range 5.5-6.0.
At a higher pH, aggregation is impeded by particle charge
and, on the other hand, at lower pH, basic catalysis is
inhibited by [H"]. Similar results were observed for the
gelation of silica in aqueous media from sodium silicate
solutions [42]. The shift of pH,,;, to lower values as the
silica concentration increases reveals a compromise
between condensation rate and the electrostatic repulsion
between the particles and/or clusters. Increasing silica
concentration contributes to a faster condensation rate, but
does not modify the electrostatic repulsion. The latter being
dependent on the pH, and in consequence the maximum
gelation rate is attained at a lower pH for a higher silica
concentration.

The dependence of a with pH (Fig. 3c) puts on evidence
that the elementary particles are not those formed during
pre-hydrolisis [43]. Their increase in size with the pH
(Fig. 3c) is attributable to the higher solubility of silica in
water as the pH increases and the growing of these basic
units by Ostwald ripening [1]. The fractal dimension
decreases from an initial value of 2.0 at low pH, to 1.8 at
high pH. Essentially the same results were reported for the
condensation of tetra-alkoxysilanes in alcoholic medium
and for particle aggregation in sodium silicate solutions
[24, 31]. A fractal dimension of 2.0 is close to the value
found for reaction limited cluster—cluster aggregation
(2.1-2.2) [21]. At low pH the rate of condensation is low
and particles link mainly by hydrogen bonds. As inter-
particle repulsion is negligible and elementary particles are
not linked by covalent bonds, rearrangements by which
particles of the periphery are released to stick to the inner
part of the cluster give as a result smaller and denser
structures (i.e. with a higher fractal dimension). On the
other hand, a fractal dimension of 1.8 is close to the value
found for diffusion limited cluster—cluster aggregation
(1.75-1.80) [21]. When the condensation rate is high, the
contact between particles results in an irreversible con-
nection by covalent bonding. Most collisions yield growth
of the aggregates, so that the overall growth rate approa-
ches that of the diffusive flux. As covalent bonds do not
easily break up, rearrangements are not frequent and the
growing of clusters occurs in the periphery due to inter-
particle repulsion. This gives less dense structures with a
higher radius of gyration. As shown in Fig. 3a and b, the
pH value at which the system changes from one regime to
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the other depends on the silica concentration and coincides
with the pHyy,.

Contrary to what was found for aqueous silicate aggre-
gation systems that employ sodium silicates as precursors,
[44, 45] AFTD hydrogels synthesized at a condensation pH
between 3 and 6, show a lower attenuance (e. g. better
optical quality) for a higher silica concentration (Fig. 4).
The spectra of all AFTD hydrogels (one example is shown
in the inset of Fig. 4), exhibit lower attenuance at higher
wavelength, according to the Rayleigh relation [46].

1 A B P
— ex —RB—
Iy P 24

where r is the radius of the scattering particles and 1 is the
wavelength of the incident light. It is worth noting that the
Rayleigh relation is defined for isolated and mono-dis-
persed particles at low concentration. In these gels, all the
clusters contributing to the light scattering include the first-
generation clusters (characterized by parameters R and D)
and higher-order generation clusters composing the gel
structure (see Supplementary Information, figure SI-1). It is
important to point out that the size of the elementary units
characterized by the parameter a is too small to generate a
significant scattering in the UV-vis range. From the cor-
relation between the attenuance and R shown in Fig. 5 it
can be concluded that below pH,,;, the optical quality is
given by the first generation clusters. For higher pH values,
the attenuance does not follow a simple trend with respect
to the condensation pH or the silica concentration.

The differences in the behaviour below and above pH,,;,
are possibly related to the density of the aggregates. For a
fractal body, the density is proportional to the mass (~R")
to volume (~ R>) ratio. As seen in Fig. 6, the density of the
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Fig. 5 Attenuance at 400 nm of AFTD hydrogels synthesized at
different condensation pH (3-6) versus Radius of gyration of the
primary cluster (R) as derived from SAXS experiments
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clusters is nearly constant below pH,,;,, and decreases for
higher pH values.

5 Conclusions

The SAXS characterization of the microstructure presented
here provides a rational basis to select the appropriate
synthesis conditions to fulfil requirements of particular
applications, with special emphasis on those which demand
good optical properties. For AFTD hydrogels presented
here, in the pH range below the pH of the minimum gelation
time (pH,,i,) there is a good correlation between the optical
quality and their microstructure. In this pH region there are
slight variations of the microstructural parameters with pH,
whereas the attenuance exhibits a monotonous increase
with pH up to nearly one order of magnitude. Above pHyin,
the microstructure is very sensitive to the condensation pH
whereas the attenuance has a slow and non-monotonous pH
dependence. The density of primary clusters in these two
regions also exhibits a different behaviour: it is nearly
constant below pH,,;,, and decreases with pH above this pH
value. Our results obtained in a wide pH and silica con-
centration range reinforce the idea that the behavior of gels
determined in a restricted range of synthesis variables can
not be extrapolated, and comparison of gelation times is not
enough for predicting properties.

This approach should contribute to the design of a
rational synthesis pathway for different applications, and in
particular, for bio-applications where the compatible pH
range is close to the pHy,.
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