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Abstract

In this work, we present a new approach using analytical and optical techniques in order to determine the physical and
chemical properties of silica gel, as well as the measurement of the pore size in the network of the gel by scanning electron
microscopy. The gel acupuncture technique developed by GarcmHa-Ruiz et al. (Mater. Res. Bull 28 (1993) 541) GarcmHa-Ruiz
and Moreno (Acta Crystallogr. D 50 (1994) 484) was used throughout the history of crystal growth. Several experiments
were done in order to evaluate the nucleation control of model proteins (thaumatin I from Thaumatococcus daniellii,
lysozyme from hen egg white and catalase from bovine liver) by the porous network of the gel. Finally, it is shown how the
number and the size of the crystals obtained inside X-ray capillaries is controlled by the size of the porous structure of the
gel. ( 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Nowadays, the availability of high-quality single
crystals for 3D X-ray characterisation is crucial in
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several "elds of materials science. In the case of
biological macromolecules, most of the investiga-
tions have been focused on determining the best
crystallisation conditions for a speci"c system. Al-
though there have been some approaches to over-
come this handicap, the next di$cult part of the
research needs to be focused on choosing the best
crystal growth technique in order to obtain huge
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single crystals. One interesting approach for ob-
taining high-quality single crystals is to reduce or at
least minimise the convection phenomena. There
are three possible ways for doing this. The "rst is to
grow crystals in low-gravity conditions. The second
as shown by GarcmHa-Ruiz and Moreno [1,2], is to
grow crystals inside thin capillary tubes just by
keeping the unidirectional transport of the molecu-
les through the true protein solution. The third is to
grow crystals inside the porous network though, in
the case of macromolecules, this seems a non-
recommended crystal growth method. The know-
ledge about the physical and chemical properties of
gels is important for the gel acupuncture technique.
This has been an alternative technique for growing
crystals of biological macromolecules. For this par-
ticular case, the gel works as a porous network that
permits the transportation of the ions and keeps the
capillaries well "xed in vertical position. These are
the reasons for studying silica gels. The aim of this
research will be focused on determining these phys-
ical and chemical properties of the silica gels ob-
tained for chemical synthesis as a polymeric
reaction. There are some reports about the global
porosity of gels and their fractal structure derived
from tetraethoxysilane (TEOS), where microtexture
has been studied [3]. Di!erential scanning
calorimetry has been used to measure the pore size
distribution (PSDs) from the melting and freezing
curves of water con"ned in pores. Thermal po-
rosimetry has been established by combining some
physical properties applied to 12 kinds of commer-
cial silica gels [4,5]. The determination of pore size
distribution from sorption isotherms applying the
percolation theory has been published by Zhdanov
et al. [6]. Silica membranes, their preparation and
the structure of microporous, have been published
in Ref. [7]. The pore surface, characteristics of
macroporous silica-gels prepared from polymer
containing solution, has been published by
Nakanishi et al. [8]. There are many reports about
the use of gels as crystal growth cells that take into
account their advantages for keeping the di!u-
sional path all over the experiment. Revision and
data to prepare silica gels from di!erent ways have
been published by Roberts et al. [9]. Many of the
problems, found in the crystal growth of proteins,
could be overcome if the methodology for prepar-

ing the gels is well established and all the para-
meters that control the gelling phenomena are well
understood.

2. Chemicals

Thaumatin I (Sigma, T-7638), Lysozyme (Sigma,
L7773) and catalase (Sigma, C3155) were used as
purchased without further puri"cation. Sodium po-
tassium tartrate, sodium chloride and ammonium
sulphate were used as precipitating agent solutions,
respectively. All the solutions were prepared with
double-distilled water. The layer that holds the
capillaries was made of silica, by mixing appropri-
ate volumes of sodium silicate solution (Aldrich,
33,844-3) with a speci"c gravity of 1.06 g/cm3 and
acetic acid 1 M. The gels obtained by hydrolysis of
tetramethoxysilane (TMOS, FLUKA catalogue
number 87682) were prepared by mixing the TMOS
with double-distilled water, following the experi-
mental set-up described in the paragraph below. For
evaluating the nucleation phenomena (using the im-
plementation of the gel acupuncture technique) the
pH values of the silica gel were 8 and 10 for
thaumatin and 4.0 and 6.0 for lysozyme. We used
phosphate bu!er (100 mM) to maintain the protein
solution at pH 7.0 for thaumatin and Tris-HCl pH
9 (100 mM) for catalase. Sodium azide solution was
added to the precipitating agent at 0.1% (w/v).

3. Experimental procedure

The gels used in this work were hydrogels. The
gels are two-component media with water molecu-
les soaking a porous #exible polymer network. The
gelation process corresponds to the setting of
a polymeric cluster stretching over the whole vol-
ume of solution. This process is either reversible for
physical gels, like gelatine and agarose gels, which
are obtained by decreasing the temperature, or
irreversible for chemical gels (such as silica or poly-
acrilamide gels) which are obtained from the forma-
tion of strong bonds. Although universal `besta gel
cannot be recommended [10], silica and agarose
gels have proved their e$ciency for growing mac-
romolecular compounds [11,12].
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3.1. Silica gels obtained by neutralisation of sodium
metasilicate

The silica gels have been used for many years as
crystal growth cells, because their porous network
permits the di!usion of several ions and of some
large polymers (like polyethyleneglycols and other
macromolecules). These silica gels were basically
obtained from the neutralisation of sodium meta-
silicate solution (1.06 g/ml) with acetic acid 1 M.

Sodium metasilicate solution 1.06 g/ml was pre-
pared by the following equation:

<
44
"

<
!
(0.06)

1.39!o203C

where <
SS

is the volume of sodium silicate solution
to be taken from the bottle of the chemical (AL-
DRICH Cod. 33,844-3). <

!
is the volume to be

measured in a volumetric #ask, 1.39 is the density of
the sodium metasilicate from the chemical and
o203C is the density of water at room temperature.

Once the solution of sodium metasilicate has been
prepared, a titration plot is then obtained in order to
have several gels at di!erent pH values for determin-
ing the gelling time and the reproducibility in the
experiments. This could be a crucial parameter in the
application of these gels to protein crystallisation.

3.2. Silica gels from tetramethoxysilane (TMOS)
solutions

These silica gels were prepared from siloxanes,
tetramethoxysilane (TMOS) and tetraethoxysilane
(TEOS). Both siloxanes are liquids, soluble in alco-
hols (ethanol or methanol) but not directly in water.
In this particular case, two steps of the gelling pro-
cess have to be considered separately: hydrolysis and
polymerisation. These gels from TMOS and TEOS,
used for these investigations, were prepared follow-
ing the procedure described by Roberts et al. [9].

4. Results and discussion

4.1. The physico-chemical properties of gels and the
gelation time as a function of pH

The three-dimensional network of the solid poly-
meric phase forming the gel leaves a fractal distri-

bution of porous "lled by the liquid phase. Due to
the small average pore size, the gel structure pre-
vents convective mass #ow while allowing the
Brownian motion of ions and small clusters
through the intraporous phase. The gelation time
depends on many parameters: nature and concen-
tration of species in solution, pH, temperature. In
case of thermally stable solutions, one can shorten
this time by increasing temperature. Practical con-
siderations require gelation times to take place in
less than a couple of days. One estimates that the
gel is set when it resists pouring. It must stick to the
crystal growth cells walls. It can look somewhat
opalescent but without heterogeneities such as "s-
sures.

There are some useful ways to determine the
gelation time for many type of gels. The "rst
method consists of measurements from the polym-
erisation process, the time when the gel structure is
well "xed to the walls of the container. This means
the time when the gel does not pour anymore. It is
obvious that the whole amount of water is encap-
sulated inside the porous network. As a result of
this macromolecular inter-crossing from the poly-
meric reaction, the structure of the network expels
water drops by itself. The process of expelling drops
of water is usually called syneresis, which is the
second technique for estimating the gelation time.
This is UV-VIS Spectroscopy using quartz cells and
measuring at 250 nm. This gelation time as a func-
tion of the pH is shown in the Fig. 1 for silica gels
obtained from the neutralisation of sodium metasili-
cate solution with acetic acid. From this plot, it is
easy to see that the polymeric reaction works faster
at a pH's close to neutralisation than those pH's far
from this value. For this determination a VARIAN
CARY E-1 Spectrophotometer was used for the
measurements. The estimated gelation time was that
where the absorbency was constant.

4.2. Pore size determination of the network of
polysiloxanes by scanning electron microscopy

The main purpose of this part of the investiga-
tion is focused on determining the size of porous
network in order to study the transport phenomena
of several chemicals useful in protein crystallisa-
tion. It is important to mention that most of the
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Fig. 1. Plot of gelation time for silica gels at di!erent pH values.
All data were collected at 250 nm.

approaches had been done based on the idea that
porous size is nearly the same in silica obtained by
titration of sodium metasilicate with acetic acid. In
the case of the gels obtained by hydrolysis of tet-
ramethoxysilane (called TMOS), the size of the
porous network depends on the concentration of
TMOS. To know this is crucial in order to design
a new experimental crystallisation protocol. Both
transport and crystal growth phenomena depend
on porous size distribution. This plays an impor-
tant role in controlling the velocity of ions and the
number of nuclei obtained all over the crystallisa-
tion phenomena. Therefore, the aim of this research
was focused on estimating the pore size distribution
(PSDs) and the evaluation of the pore size by
scanning electron microscopy. For this investiga-
tion, a scanning electron microscope JEOL JSM-35
was used for the analysis of the samples.

Sample preparation: 1.4 ml of sodium metasili-
cate solution (1.06 g/ml) were added drop wise to
1.0 ml of acetic acid 1 M. This solution was added

to a cylinder reservoir "xed with vacuum grease
over a glass cover slide (12 mm in diameter). Once
the gel was obtained ethanol solution was added
onto the surface of the gel to remove water from the
network. This procedure was repeated every 60 min
8-fold. After this removal the gel was put within
a disposable sterile suspension culture dishes
(Corning 25050-35), and dehydrated ethyl alcohol
was added onto the surface of the gel to permit the
"nal removal of water. After 24 h the alcohol was
removed and the gels were dried at critic point to
avoid the structure damage to be analysed in
scanning electron microscopy. The critic point dry-
ing is a useful technique to remove ethanol molecu-
les and replace these for CO

2
(0}53C). This removal

of ethanol was carried out as follows: once the
water was removed by using absolute ethanol, the
samples were introduced to the critic point drying
equipment. Liquid CO

2
was then added to replace

the EtOH molecules by CO
2

molecules. This ex-
change between EtOH and CO

2
was done twice

every 20 min. This drying is necessary to keep the
structure of the gel without changes in the SEM
analysis.1

The silica gels, obtained by neutralisation of so-
dium metasilicate solution (speci"c gravity
1.06 g/ml) with acetic acid 1 M, showed random
pore sizes distribution ranging from 50 to 150 nm.
These results are shown in Fig. 2a for pH 6 and
Fig. 2b for pH 10. From this, it is possible to say
that the gels at alkaline pH had a more homogene-
ous pore size distribution, whereas the gels ob-
tained at acidic pH show shorter size and more
random pore size distribution than those prepared
at pH 10.

The same methodology has been applied in order
to study the porous network of gels obtained by
hydrolysis of tetramethoxysilane at four di!erent
concentrations (2, 5, 10 and 20% v/v). This gel had
di!erent pore size distribution and this depends on
the concentration of the solution. But neither the
porous network has been systematically deter-
mined nor has the transport phenomena in the gel
acupuncture technique yet been studied or

1This part of the research was done in the Department of
Nematology, University of California, Riverside, USA.
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Fig. 2. SEM micrographs of gels from sodium metasilicate solu-
tions. They correspond to silica gel: (a) pH 6.0 and (b) pH 10.

published. From the microphotographs obtained
by SEM, the TMOS gels at 10% (v/v) showed
bigger pore size (Fig. 3a) than those synthesised at
20% (v/v) of tetramethoxysilane (TMOS), this is
shown in Fig. 3b. The estimated average pore size
at 10% (v/v) of TMOS was ranging from 150 to
250 nm and from 50 to 100 nm for the case of
TMOS gels at 20% (v/v). It is important to note
that the structure of the gels of TMOS at concen-
trations below 5% (v/v) decayed when the vacuum
of the SEM measurements were done.

4.3. Solubility of silica gels

The solubility of silica gels as a function of pH
has been described by Henisch [10]. In this

Fig. 3. SEM micrographs of gels from tetramethoxysilane solu-
tions. The porous network was prepared at di!erent concentra-
tions of TMOS: (a) 20% (v/v) and (b) 10% (v/v).

aforementioned work, the gelling process was
evaluated and the time for a quick gelation at pH
ranging from pH 7.5 to 8.5 at 17.53C was found to
be around 100 sec. The trend of silica to dissolve
increased at pH below pH 3 and above pH 10.5 as
has been published by Iler [13]. From our experi-
mental results, we noticed that the gels obtained at
alkaline pH from sodium metasilicate solution were
compressed once the ethanol molecules replaced
the water molecules in the polymeric network. The
original size was reduced by up to 35% due to this
molecular exchange. Future investigations will be
focused on determining this observation and a mo-
lecular simulation will be obtained based on por-
ous network determination by AFM. On the
other hand, gels obtained by the hydrolysis of
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Fig. 4. Crystals of thaumatin grown in capillary tubes. The internal diameter of the capillary tube was 1.2 mm. The photographs
correspond to crystals obtained in gels from sodium metasilicate solutions prepared at (a) pH 8 and (b) at pH 10. The arrow shows the
zone where two single crystals were obtained in the gel with a closer pore size distribution of the silica gel (a).

tetramethoxysilane did not show this structural
compression when water molecules were replaced
by ethanol in the preparation of samples for scann-
ing electron microscopy.

5. Applications of silica gels

5.1. Application of silica gels to control the
nucleation in the gel acupuncture technique

The glass cassettes used for testing the nucleation
phenomena inside the capillary tubes by monitor-
ing the in#uence of the penetration length, were
prepared using the experimental set-up of the gel
acupuncture technique [1,2]. This glass cassette
consists of two 70]100 mm rectangular glass
plates held apart by an U-shaped spacer covering
the two longest and one of the shortest sides of the
plates. After fastening the plates with clamps, the
gap between them was approximately 4 mm. This
glass vessel was then "lled to a height of 30 mm

with 2 cm3 of a silica sol. Once gelled, the capillar-
ies containing the protein solution are punctuated
into the gel with a penetration length of 7 mm.
Finally, 2 cm3 of the precipitating solution is
poured onto the gel. The uncovered shorter edge of
the cassette is then closed with adhesive tape and
the cassette is placed at room temperature
(18$13C). Cylindrical capillaries with an internal
diameter of 0.5 and 1.2 mm were used. Prior to the
experiment, the capillaries were washed with
double distilled water and acetone and dried air.

There was a remarkable in#uence of the porous
network of the gel in controlling the size and num-
ber of the protein crystals. In the case of lysozyme
grown in two silica gels prepared at two di!erent
pH's 4 and 6, the number of crystals was higher at
pH 4 than that obtained at pH 6, which has the
smaller radius of the pores of the web. The same
nucleation behaviour was obtained in the case of
crystallisation of thaumatin I and catalase. These
results are shown in Fig. 4 for thaumatin grown in
two di!erent gels. For all cases the induction time
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for protein nucleation was larger in the compacted
gel (close to pH of neutralisation), 6 for lysozyme
and 8 for thaumatin and catalase. In addition, we
estimated the in#uence of di!erent penetration
lengths upon nucleation and size of the crystals. In
general terms, it is possible to say then that a larger
penetration length (at constant pH of the gel) per-
mits to control the nuclei number and the induction
time for nucleation.

6. Concluding remarks

The silica gels obtained from the neutralisation
of the sodium metasilicate solution (1.06 g/ml) with
acetic acid show a random distribution of the pores
when the solution is close to the pH of neutralisa-
tion. This trend has been shown from the current
results and the average size is ranging from 50 to
150 nm for gels prepared at pH 6. On the other
hand, far from this mentioned pH, e.g. pH 10, it is
possible to say that the pores are bigger than those
pores of the gel at pH 6 and showed more homo-
geneous average distribution throughout the poly-
meric network. For gels obtained by hydrolysis of
tetramethoxysilane, higher concentration of this
permit to obtain the lower pore size distribution. In
this particular case (20% (v/v)) the average pore
size was ranging from 50 to 100 nm. Lower concen-
tration of TMOS (10% (v/v)) used to prepare gels
made possible to obtain a higher average pore size
of the polymeric web ranging from 150 to 250 nm.
Finally, it is possible to control the nucleation
phenomena in protein crystallisation by using
closer pore size in the experimental set-up of the gel
acupuncture technique, and as a consequence of the
random pore size distribution, the di!usivity of
ions is increased. The trend was observed for the
case of thaumatin, lysozyme and catalase grown in
capillary tubes using silica gels as a membrane
dialysis in the experimental set-up of the gel acu-
puncture technique. Additionally, the nucleation
phenomena are also controlled by the penetration
length of the capillaries punctuated inside the gel
surface used as a dialysis membrane, which permit-

ted to monitor the transport of the precipitating
agent for protein crystallisation experiments.
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