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Abstract 
 
A crystallisation process of biological macromolecules in gel-matrix was studied by Mach-
Zehnder interferometer and the results were compared with a numerical model of periodic 
precipitation. This investigation is focused on the coupling between transport phenomena, 
nucleation and crystal growth, which may lead to non-linear behaviour. 
In general, transport phenomena involve double diffusion of the two main solutes (protein and 
precipitant agent) and buoyant convection that may arise due to density gradients in the 
liquid. Both transport conditions were addressed. 
In absence of convection, in pure diffusive regime, non-uniform crystal distributions have 
been observed. The results can be described in terms of a modulation in space and in time of 
supersaturation that leads to a nucleation front that propagates inside the protein solution. The 
experimental data are in good agreement with numerical simulations. 
When convection is not negligible, it leads to a deformation of the diffusive solutal 
distribution, characterised by a periodic wave-like pattern observed by interferometry. The 
observed instabilities are driven by double diffusion and agree with a stability model of 
double diffusive systems.  
 
 
Introduction 
 
The necessity of understanding the molecular mechanisms that drive biological functions 
makes the macromolecule crystallisation a very interesting field for potential applications in 
biotechnology and pharmaceutics. 
For this purpose, most of the research efforts are focused on “what happen close to crystal” in 
order to obtain optimal crystals for diffraction analysis. On the other hand, we are interested 
in analysing “ensemble behaviour”, with the objective of pointing out non-linear 
phenomenology. In fact, crystallisation occurs in far from equilibrium systems, and it is 
characterised by the interplay of different processes: transport in liquid phase, nucleation and 
crystal growth. This global analysis may support the optimisation of growth techniques. 
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Protein crystals are grown from supersaturated solutions. A number of techniques have been 
developed to drive gradually the solution towards supersaturated conditions. One of these 
techniques, widely used, is based on the diffusion of a precipitant agent inside the protein 
solution. The precipitant agent (usually a salt) modulates the interaction between 
macromolecules, reducing their solubility. When salt concentration becomes sufficiently large 
to make protein solubility smaller than the initial protein concentration, nucleation and crystal 
growth occur. The process is modulated both in space and time. Where nucleation takes place, 
protein solution is locally depleted, inducing gradients in protein distribution. Protein 
transport in the liquid feeds the growth of the solid phase already formed. In general, transport 
processes involve double diffusion of the two main solutes (protein and precipitant agent) and 
buoyant convection that may arise due to density gradients in the liquid. In absence of gravity 
effects as sedimentation and convective mixing, that can be suppressed using gel, the process 
induces non-uniformity in protein distribution, thus different supersaturation values are 
reached along the protein solution. Such time and space modulation of supersaturation 
eventually would generate patterns in crystal distribution. In fact, the system is similar to 
typical reaction diffusion systems, like those that generate Liesegang rings or bands [1,3]. 
When the protein solution is not gellified, convective instabilities may arise, depending on the 
experimental initial conditions, despite of the fact that the initial liquid density field is 
gravitationally stable. 
This paper reports experimental evidences of these non-linear behaviours observed during 
protein crystal growth processes and comparison with numerical simulations. The solute 
transport has been observed by a Mach-Zehnder interferometer. 
 
 
System configuration 
 
The crystallisation technique used in these experiments is based on diffusion of a precipitant 
agent. Usually, this technique involves two chambers containing two different solutions 
(protein solution and precipitant agent solution) that are put in contact directly or by a 
membrane. 
In our case, the two solutions are put in contact, one above the other, inside a single 
crystallisation cell. In order to prevent convective mixing and to obtain a stable interface 
between the two solutions, agarose gel is added to the lower solution. The precipitant agent is 
NaCl. Hen egg white (HEW) lysozyme is used as model protein, being a well-characterised 
molecule. The properties and dimensions of the system under investigation are shown in table 
I. 
Two cases are considered (see Fig.1). Case a): the salt solution is located on the top of the 
protein solution, in order to investigate effects of supersaturation modulation in space and in 
time. Case b): the protein solution is located on the top of the salt solution, in order to 
investigate the development of convective instabilities and their effects. At the initial time, 
both solutions have uniform concentrations. The diffusion of the precipitant agent in the 
protein solution generates the supersaturation conditions, necessary for the onset of the 
nucleation. 
 
 
Experimental method  
 
A 1 % agarose solution is prepared by stirring agarose powder in a 50 mM acetate buffer 
solution (pH=4.5); then lysozyme (case a)) or salt (case b)) is added to agarose solution. This 
solution is injected (before gel solidification occurs) in the lower half part of the cell. After 
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gel formation we introduce a precipitant agent (case a)) or lysozyme (case b)) solution in the 
upper part of the cell, like a supernatant liquid above the gel. 
Crystallisation occurs by diffusion of salt in the part of the cell containing the protein 
solution: lower part in the case a) and upper part in the case b). In fact, lysozyme diffuses 
more slowly than salt (see Table I).  
All the experiments were performed at temperature of 25 °C. 
A Mach Zehnder interferometer powered by a 632 nm laser was used to monitor in situ the 
transport dynamics in the fluid phase by observing the compositional field. 
A CCD digital camera (1280 x 1024 pixels) was used to collect interferograms at different 
times. 
 
 
Mathematical model and numerical method 

 
The diffusion of lysozyme and NaCl are governed respectively by the equations  
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where the overbar denote dimensional quantities. 
The non-dimensional form of the equations results from scaling the lengths by the horizontal 
distance between the walls (L), the velocity by the protein diffusion velocity VD = DLysozyme/L, 

the time by L/DLysozyme and the concentrations of protein and salt by their initial values. 
In order to simulate the real experimental conditions, the effect of the non-planar gel 
interface, whose shape cannot be horizontal due to surface tension effects, is taken into 
account. The distribution of salt at the initial time is supposed to follow the shape of the gel 
meniscus. The shape is modeled using a sin function in order to have h(x=0)=h(x=L) and the 
minimum at x=L/2. The shape of the meniscus is not taken into account however for the 
protein chamber. 
For further details on the mathematical model and the numerical method used to handle the 
nucleation process and further precipitation or resolution (according to the concentration 
distribution), see [4]. 
 
 
Results and discussion 
 

 
In both cases the gel interface is not horizontal due to surface tension effect. The interface 
curvature is taken into account in the analysis. 
 
Case a) 
In the gel environment lysozyme precipitates producing “spaced deposits”, each consisting of 
clusters of crystals. Due to the mechanical properties of the gel, crystals are “locked” at 
nucleation site and do not sediment.  
A sequence of interferograms versus time is showed in Fig. 2. Fringes represent iso-
concentration sites. At the beginning, the protein is uniformly distributed inside the gel. 
Fringes appear at the gel interface as soon as salt solution is injected. Fringe pattern is in 
agreement with the diffusion of salt inside the gel until the nucleation takes places. 
Interferometry shows, in fact, the overall refractive index field that is influenced by both 
solutes (salt and protein). The occurrence of nucleation produces local concentration changes 
(protein depletion) that affect the regular diffusive fringe pattern. An example is shown in the 
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rectangle at t=1h. This zone highlights the presence of a “nucleation front” that propagates 
through the gel.  
The distribution of crystals appears always not uniform. The crystals seem to group in clusters 
(squares in Fig. 2). The number of crystal clusters increases with the time and clusters merge 
each other (black circles in Fig. 2). 
Formation of a depletion zone around a growing crystal deforms the primary diffusive fringe 
pattern (white circles in Fig. 2). 
Distibution of crystals and crystal size were determined by analysing the steady state 
configuration reached at the end of the experiments. An example of the cell is shown in Fig. 
3. Distribution of the solid particles is not uniform. The obtained results compared with 
numerical simulation are shown in Figs 4, 5. Comparison of experiments and simulation 
shows a good agreement. 
The “density of particles”, defined as ratio of the number of particles in a fixed reference 
volume and the reference volume shows a space modulation: it is maximum near the 
interface, it decrease in a depletion zone in the central part, then it increases again close to the 
bottom of the cell. The crystal size increases with distance from interface, corresponding to 
the decrease of crystal density. 
The numerical simulations (Fig. 6) show, as expected, that the phenomenon under 
investigation is characterized by a certain degree of periodicity in time and in space. The 
figures show a 2D distribution of the cluster of crystals. The bands of Liesegang patterns are 
not spatially uniform. Nucleating particles deplete their surroundings of protein which causes 
a drop in the local level of supersaturation such that the nucleation rate falls in the 
neighborhood, leading naturally to a spacing between regions of nucleation that gives rise to 
the alternate presence of depleted zones and cluster of crystals. Lysozyme deposits are spaced 
in both the x and y directions. Modulation along x direction seems to be due to the non-
planarity of gel interface. This conditions has been investigated by numerical simulation [4] 
and its effect seems to be very important even if the deviation from the planar condition is 
very small (only 10 % of L). 
The results, moreover, show clearly the phenomenon related to the further growth of particles 
after their nucleation, i.e. the increase of the solid particles size observed in the experimental 
analysis. This behavior is due to the delicate balance between two counteracting effects: 
1) protein condenses on any solid crystal cluster already existing augmenting its size; this 
depletes the protein concentration and leads  to lower values of  CLy; 
2) salt continues to diffuse through the interface so that solubility is reduced due to solubility 
modulation. 
If the second effect prevails over the first one, i.e. the protein concentration is larger than the 
“saturation level” then further protein precipitation is possible in the considered region.  
 
Case b) 
In the case in which protein is not gellified, convective instabilities form even if liquid density 
field is gravitationally stable. In fact, salt diffuses upwards, thus producing a density increase 
of the bottom layer of protein solution that promotes instability. 
A first instability occurs at the gel interface: it produces curvature of fringes that eventually 
form rings (see rectangles at the gel interface in Fig. 7). This pattern is the consequence of the 
formation of convective rolls. This instability is driven by protein depletion due to nucleation 
at interface, where maximum values of supersaturation are established. In fact, this instability 
does not occur in absence of protein [5].  
A second instability arises at some distance above interface (see squares in Fig. 7). After 
some time convection propagates through the solution. The convection leads to a deformation 
of the diffusive solute distribution, characterized by a periodic wave-like pattern (Fig.7). 
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This behaviour can be due either to the formation of a depleted (less dense) zone because of 
nucleation, that propagates upwards through the liquid, or to the diffusive instability that may 
arise in presence of double diffusion [6]. In fact, the stability analysis of mutual diffusion in a 
ternary system [6] foresees that the experimental conditions here used would lead to the 
formation of an inversion of density gradient, localised at some distance from the interface; 
this would generate a finger pattern in the compositional field that propagates through the 
solution.  
Conclusions 

The microgravity conditions to understand the phenomena which govern the nucleation and 
crystallisation processes, have been largely utilised. In fact, in these conditions sedimentation 
and convective phenomena, that are the principal causes that compromise the understanding 
of the crystal growth process, are strongly reduced.  
Until now because of the limited time of microgravity missions (on board of Space Shuttle), 
respect to time that crystals take to grow, the gel has been providing a possible alternative to 
microgravity condition. Inoltre, the elevated costs of microgravity experiments have 
suggested to looking for some alternative methods, as gel, to simulate mycrogravity. But it 
has been founded that the gel does not offer all positive properties of microgravity. With the 
avvento of the International Space Station (ISS), the problem of the reduced time appears 
risolto; but the idea of to perform research using gel in combination with microgravity is 
always most diffuse. In fact, the gel could acts as an protect place where crystal can growth, 
absorbing the vibration and g-jitter caused by the crew and the orbiter itself, that are ritenuti 
as a possible damaging effect to protein crystal growth in microgravity.  
This paper reports the experimental results obtained to improve the understanding of the 
phenomena which governing the crystal growth process, by using gel matrixes. Numerical 
simulation was performed too.  
Non-linear behaviours observed during protein crystal growth processes were observed, and 
they are compared with numerical simulations.  
The configuration studied allowed us to investigate coupling between transport phenomena, 
nucleation and crystal growth, which may lead to a non-linear behavior. 
In the configuration in which the protein is gellified we have seen non-uniform crystal 
distributions inside the crystallisation cell because of a non-linear nucleation front that 
propagates inside the protein solution. The experiment showed a modulation in time and in 
space of the nucleation front. The possibility to intervenire in a controlled-way on this 
modulation could allow to reach a desiderated condition in which it would like to growth the 
crystals. 
The experimental data are in good agreement with numerical simulations. 
Even in the case in which the protein is not gellified we have experimentally observed that the 
onset of convection leads to a deformation of the diffusive solute distribution, characterised 
by a periodic wave-like pattern. 
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Fig. 1 Sketch of the configuration investigated. 

 



 8

 
 

Fig. 2 Case a): sequence of interferograms versus time (salt solution is injected at t=0). 
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Fig. 3 Aspect of the crystallisation cell: a) CLyo=4 10-2
 g/cm3 
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Fig. 4 Distribution of crystals inside the crystallisation cell. 
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Fig. 5 Crystal size inside the crystallisation cell. 
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Fig. 6 Non-dimensional protein concentration contour lines (left) and crystals distribution 

(right) at times: a) 1.57x104 s, b) 7.35x104 s, c) 105 s.  
 



 13

 
 

Fig. 7 Case b): sequence of interferograms versus time (salt solution is injected at t=0). 
 


