Summary and outlook
Introduction
Protein crystal growth in microgravity is believed to yield higher quality crystals than their terrestrial grown counterparts, because of the suppression of buoyancy driven convection, diffusion limited transport of protein molecules and the reduction of the growth rate, impurity incorporation and sedimentation. The quality of a protein crystal is important for determining the molecular structure of the protein by X-ray crystallography, because the better the crystal quality the higher the accuracy of the determined molecular structure. Because good quality protein crystals can be very difficult to grow, the crystal quality is often the limiting factor in the structure determination process. That is why a considerable effort has been put in growth of protein crystals in microgravity in space. The high costs, complexity and low accessibility can make this approach less practical however. On top of that, although space growth experiments have a history of over 25 years, the answer whether microgravity crystal growth really leads to an improvement of protein crystal quality is still not conclusively answered.

This thesis describes research performed on two alternative methods for improving protein crystal quality without having to go to space; by gradient magnetic fields and by an upside-down geometry.

Part 1

With gradient magnetic fields, a magnetic force can be applied on an object that compensates the gravitational force to let it appear weightless.

Demonstrations of levitation by gradient magnetic fields raised the question whether this technique could also be used for creating a microgravity-like environment for protein crystal growth. If so, it would offer an alternative for experiments in space. The levitation of diamagnetic materials is possible with commercially available superconducting magnets. However, experiments with growing crystals levitating in gradient magnetic fields showed that levitation is not the proper condition. Instead, the variation of the magnetic and gravitational force with concentration has to be taken in account, resulting in a factor 3 higher product of magnetic field and gradient for suppression of convection than for levitation of diamagnetic protein solutions, and a factor 3 smaller for paramagnetic solutions. This brings creating a microgravity like condition for diamagnetic protein crystal growth beyond the reach of most magnet facilities. The High Field Magnet Laboratory at the Radboud University Nijmegen, however, possesses magnets that can reach these conditions, offering the unique possibility to study the effects of suppression of convection on crystal growth in great detail.

The possibility to suppress convection with gradient magnetic fields was investigated with nickel sulfate hexahydrate and hen egg-white lysozyme crystal growth. Although nickel sulfate is not a protein, it is much easier to handle than proteins and acts as a model system to study the effects of the magnetic field on the fluid dynamics, mass transport and crystal growth. It is also paramagnetic, requiring a much lower gradient magnetic field than for diamagnetic materials to suppress convection. Special microscopes were constructed that fit in the bore of the magnet and that can not only visualize the growing crystal but also concentration gradients and convective flows, as described in chapter 2.
Chapter 3 shows the first experimental example of suppression of convection during crystal growth by gradient magnetic fields. A nickel sulfate crystal growing in a gradient magnetic field was observed by schlieren microscopy to visualize the disappearance of the convection plume and the formation of a wide depletion zone, just as would happen in microgravity. The use of magnetic fields, however, offers the unique possibility to tune the effective gravitational acceleration, and thus the amount of convection, even including negative gravity.

The tunability of the amount of convection is explored in depth in chapter 4, where the width of the depletion zone was measured as a function of the effective gravity by varying the gradient magnetic field, showing a behavior as expected from fluid dynamics theory. The growth rate shows a significant decrease when convection is suppressed. An analysis of the field profile of the magnet used shows the importance of choosing the proper position within the magnet to minimize the inhomogeneity of the effective gravity. Nevertheless it is shown that in the vicinity of the crystal, effective gravitational accelerations in the milligravity range were still sufficient to suppress convection.

The next step was to suppress convection for crystal growth of a diamagnetic protein. Although technically challenging due to the high gradient magnetic fields required, in chapter 5 it is shown that for protein solutions, convection can also be suppressed during crystal growth. Using shadowgraphy, the disappearance of the convection plume during lysozyme crystal growth was visualized, showing that gradient magnetic fields can be used as an alternative for microgravity. However, the very high gradient magnetic field required to do this for diamagnetic proteins (-4500 T2/m) imposes a restriction on the growth experiments, because these high magnetic fields can only be sustained for a few hours, much too short to perform a full growth experiment. So unfortunately, checking whether growth under these conditions leads to an improvement of crystal quality could not be done.

In most crystal growth experiments, the drag on the flowing solution during convection that is caused by the walls of the growth container cannot be ignored. If crystal growth from solution takes place in a closed container, a critical gravitational acceleration can be defined, below which buoyancy driven convection is suppressed and mass transport is completely determined by diffusion at gravitational accelerations higher than 0g. In chapter 6, using finite element simulations and an analytical model, we show that it is possible to predict this critical value. This result can be used to optimize growth conditions for microgravity protein crystal growth, if the gravitational acceleration cannot be cancelled completely, like in space, or is cancelled inhomogeneously, like in gradient magnetic fields.

In chapter 7, the finite element simulations are extended to compare them to the experiments on crystal growth in gradient magnetic fields for nickel sulfate and lysozyme. These simulations include the inhomogeneous effective gravity that accompanied the magnet experiments, giving further insight into the observations described in chapters 3 to 5.

Part 2
Part 2 of this thesis discusses another method to suppress convection for the improvement of protein crystal quality. In chapter 8, a new method is proposed to achieve all the beneficial effects of microgravity crystal growth, by making use of buoyant forces instead of compensating for them, by using an upside-down geometry. We show by finite element simulations and growth experiments on sodium chlorate that crystal growth in an upside-down

 geometry leads to the formation of a buoyancy assisted depletion zone. The effects on growth rate and morphology that are observed are all indicative of diffusion limited growth, just as would happen in the absence of gravity. The simplicity of this growth method offers the possibility to perform large scale protein crystal growth experiments under microgravity-like conditions, without the requirement of compensating for gravity.

In chapter 9, the upside-down crystal growth method is applied to the growth of tetragonal hen egg-white lysozyme using silanized mica nucleation substrates. The morphology of the grown crystals indicates growth at low supersaturation caused by a buoyancy assisted depletion zone. The crystal quality was verified by X-ray diffraction measurements. No effects of the growth method on X-ray crystal quality could be observed, indicating that the lysozyme crystals, even the ones with lower quality, are already of such perfection that improvement could not be detected.

Conclusion and outlook
The question whether crystal growth in gradient magnetic fields really helps to increase crystal quality could not be answered because the required conditions could not be sustained long enough for a complete growth experiment. To overcome this, a custom magnet has to be constructed that can sustain high gradient magnetic fields for a long period of time with a considerable homogeneity. Another option is to focus on paramagnetic proteins which require much lower gradient magnetic fields, so that the current equipment can be used. Either way, the use of gradient magnetic fields is a very promising technique for the improvement of protein crystal quality. Although no proof was obtained that supports this, all the boundary conditions that are held responsible for crystal quality improvement in microgravity, like suppression of convection, diffusion limited mass transport and a reduced growth rate, are shown to be present. In fact, this brings this technique more or less in the same position as crystal growth in space! An added benefit is the ability to control the amount of convection by tuning the magnetic field. This can also be of interest for other fields of research in fluid dynamics, heat/mass transport, cavitation, or any other system where gradients in magnetic susceptibility are present. With gradient magnetic fields, the amount of convection becomes a newly accessible variable.

The upside-down crystal growth method shows great potential as an alternative for microgravity crystal growth, because of its simplicity and compatibility with well established crystallization methods. However, more research is required, for instance on the nucleation substrate and the influence of the shape and size of the growth container on the formation of the buoyancy assisted depletion zone. Nevertheless, this technique finally offers the possibility to answer the question whether suppression of convection and all its related phenomena really can improve the quality of protein crystals.

The research that lead to this thesis is the results of a cooperation between physicists, chemists, crystallographers and biologists, combining theoretical and experimental knowledge in crystal growth, magnet technology, optics, fluid dynamics, crystallography and biochemistry. It is my opinion that such a cooperation is vital in succeeding to find ways to improve the quality of protein crystals (and of course for many other scientific subjects). For the future, the questions to be answered are: what is it that we actually want to improve, how do we define quality and how do we measure it, and which experimental techniques, diagnostical methods and theoretical insights can be used? These are questions a single chemist, physicist or biologist cannot answer. The only way to do it, independent of which technique will be used, is by learning from each other.

