Chapter 8

PEG-induced morphologically
unstable growth of
tetragonal hen egg-white

lysozyme crystals

Poly(ethylene glycol) (PEG) is an often used crystallising agent in screening
experiments for protein crystallisation conditions. To investigate the influence
of poly(ethylene glycol)-4600 on the diffusion process during protein crystal
growth, a series of in-situ optical microscopy experiments was performed in
which the diffusion coefficient was changed by the addition of PEG. Depend-
ing on the balance between diffusion coefficient and driving force, lysozyme
crystals were found to grow faceted, kinetically rough, or morphologically un-
stable. In-situ observations show the development of a lysozyme crystal from
polyhedral stability to instability and back to stability again as the balance
changes within one experiment. A stability diagram showing the occurrence of
morphological instability based on the starting conditions is presented, show-
ing that kinetic roughening stabilises the crystal morphology. The results are
interpreted in terms of a competition between 2D nucleation at the edges of

the crystal and step flow on its surface. In this, surface protein concentration
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profiles derived from observed crystal shapes are used.

8.1 Introduction

X-ray diffraction (XRD) is the main route towards structure determination
of protein macromolecules. The success of structure determination by this
method depends on the quality of the protein crystal, which is typically grown
from an aqueous solution. In screening experiments for successful crystallisa-
tion conditions, poly(ethylene-glycol) (PEG) is often used as a precipitating
agent additional to salts[1-4]. The addition of PEG reduces the solubility of
proteins by steric exclusion[5] and thus stimulates nucleation and growth. The
effectiveness of the added PEG depends on the concentration and its molecular
weight[6, 7].

Besides acting as a precipitating agent, PEG also lowers the diffusion co-
efficient for proteins in the solution[8]. The rate of diffusion is relevant in
crystal growth systems in which natural convection is reduced, for instance
experiments in microgravity[9], using nanoliter volumes[10, 11], using gels[12—
14], and damping of convection by magnetic fields[15]. Such systems are of
interest because convection is thought to have a negative influence on crystal
quality as it is an effective means for impurities to be transported towards the
crystal surface[16].

Mass transport towards the crystal surface and surface kinetics (i.e. surface
diffusion and incorporation of growth units) together determine the growth
rate of the crystal. In convective systems mass transport is generally faster
than surface kinetics, and surface kinetics is the rate limiting step. In sys-
tems where diffusion, which is typically two orders of magnitude slower than
convection[17], is the sole means of mass transport, this balance is shifted to-
wards equal contributions or even towards mass transport limitation. As a
result, local differences in surface concentration are not compensated anymore
by surface kinetics and the crystal looses its faceted form and becomes hopper
shaped or grows in a dendritic fashion; in other words, the crystal looses its

morphological stability[18, 19]. The occurrence of such instabilities not only
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depends on the balance between diffusion and surface kinetics, but also on
crystal size and supersaturation[20]. In protein crystal growth, surface kinet-
ics are generally very slow[21, 22] and, for instance, lysozyme crystals grown
under typical circumstances are expected to be stable up to 2-4 cm in size[23],
which is very large for protein crystals. The occurrence of morphological in-
stability is relevant to protein crystal growth as it can cause striations and
lattice defects which are detrimental to crystal quality[24—26].

In this paper, we present a study on the influence of PEG-4600 on the
macroscopic morphological stability of tetragonal hen egg-white lysozyme crys-
tals grown in thin cells (~100 pgm), mimicking the nowadays often used crys-
tallisation technique of nanoliter volumes[3, 10, 11] in combination with the
use of precipitation enhancers. The growth kinetics of morphologically unsta-
ble HEWL crystals are studied by in-situ optical microscopy in a systematic
screening of growth morphology for various combinations of PEG-4600 con-
centration, lysozyme concentration and temperature. We present a “stability
diagram” in which the transition from faceted to unstable tetragonal lysozyme
crystals, induced by the addition of PEG, is expressed in terms of supersatu-
ration and the diffusion coefficient. The results are interpreted in terms of a
competition between 2D nucleation at the edges of the crystal and step flow

on its surface.

8.2 Experimental procedures

Chemicals of analytical grade were used in this study. A buffer stock solu-
tion of sodium acetate and acetic acid was made in deionised water (>15
MQcm) to result in a 0.05 M NaOAc/HOAc solution of pH 4.5. HEWL
from Sigma-Aldrich (lot nr. 094K1454) in buffer was used as source mate-
rial for crystal growth after reducing the lower MW contaminants by dialysis
(MWCO 8 kDa) against the buffer solution. MALDI-TOF measurements did
not reveal contaminations of higher MW. NaCl stock solutions of 1.37 M were
prepared in buffer solution, filtered over a 0.2 pm membrane (Schleicher &
Schuell) and mixed with PEG-4600 (Sigma-Aldrich) to obtain twice the PEG



132 PEG-induced morphological instability

and NaCl concentration required in experiment. Lysozyme stock solutions
and buffer solutions were filtered over a 0.2 membrane and mixed to obtain
a solution containing twice the required HEWL concentration for the exper-
iment. HEWL-buffer and NaCl-PEG-buffer solutions were mixed one-to-one
prior to experiments. Thus, all experiments were performed in a 0.685 M NaCl
(4%w/v) and 0.05 M NaOAc/HOAc solution of pH 4.5. We determined the
pH to vary linearly with PEG concentration following pH=4.50-+0.01-[PEG],
with [PEG] in %w/v.

A 10 pl droplet of the resulting mother liquor is placed on a sapphire win-
dow and a cover-slide is placed on top. The droplet forms an approximately
100 pm thick layer and is sealed off at the sides by vacuum grease to prevent
evaporation of the solution. The small spacing in the vertical direction pre-
vents the formation of free convection patterns, and mass transport during
crystal growth is only determined by diffusion[26]. The sapphire window is
placed in a temperature controlled cell for in-situ microscopy. Using sapphire
instead of regular glass ensures a better heat conductivity and thus better tem-
perature control of the system. Experiments were performed at temperatures
between 9 °C and 20 °C with an accuracy of 0.1 °C. The in-situ cell consists
of a brass plate through which water from a thermostatically controlled reser-
voir can flow. The sample is placed on top of the brass plate and covered by
another brass plate without water through-put. Holes in the middle of the

two brass plates allow for optical transmission microscopy.

Series of time-lapse micrographs were made using an Olympus Vanox op-
tical microscope in combination with a Nikon DS5M CCD camera. Image
processing software (ImagePro Plus[27]) and Matlab[28] were used to auto-
matically acquire the crystal size and shape from subsequent images of the

time-lapse series.
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8.3 Results and Discussion

8.3.1 Morphological instability

In figure 8.1 a series of photographs shows a typical morphologically unstable
growth experiment, performed at 10.5 °C with 30 mg/ml HEWL and 10% w/v
PEG-4600. The images show a tetragonal lysozyme crystal viewed along its c-
axis, which is also the four-fold symmetry axis of its P45212 crystal structure;
the sides are the {110} faces. In the first image of the experiment, about
4 minutes after placing the sample in the temperature controlled cell, the
crystal is approximately 20 by 20 pum and nicely faceted. After just a few
minutes, when the crystal is approximately 30 by 30 pum in size, it starts to
loose its morphological stability. The crystal grows faster at the corners than
in middle of the {110} side faces, which become concave and have re-entrant

corners appearing in the middle.

The development of morphological instability is a result of an inhomoge-
neous concentration distribution at the crystal surface. For a square crystal
growing from solution (figure 8.2a), experiment[29], conformal transformation
[30] and numerical simulations [20] show that the concentration profile is ap-
proximately circular, and intersects the crystal surface. As the growth rate of
a crystal depends on the surface concentration, the corners grow faster than
the middle of the crystal faces (figure 8.2b). Thus, the morphological instabil-
ity is the result of a square crystal being present in an approximately circular
concentration field. Therefore, this kind of instability is also called polyhe-
dral instability and is different from the instability due to perturbations as
described by Mullins and Sekerka[31, 32].

Polyhedral instability can be regarded as the result of the competition
between 2D nucleation of islands near the edges and corners of the surface and
the subsequent spread of these islands over the crystal surface. For a small
crystal the supersaturation difference between edge and middle of the surface
is small, and 2D nucleation, exponentially dependent on the supersaturation,
is much slower than step flow over the surface, which changes approximately

linearly with supersaturation. While the crystal grows, the supersaturation
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Figure 8.1: Series of images of a tetragonal hen egg-white lysozyme crystal
which becomes morphologically unstable, but in the end regains its stability due
to the exhaustion of the mother liquor. The time in the upper right corner of the
images indicates hours, minutes and seconds since the sample was placed in the
temperature controlled cell at 10.5 °C. The initial mother liquor consists of 30
mg/ml HEWL, 0.685 M NaCl, 10 % w/v PEG-4600 and 0.05 M NaOAc/HOAc
buffer of pH 4.5. The scalebars indicate 25 pum.
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Figure 8.2: a) Schematic representation of the concentration profile around
a growing tetragonal lysozyme crystal, viewed along its c-axis. The iso-
concentration lines intersect the crystal surface. b) As a result, the edges and
corners grow faster than the middle of the crystal faces. ¢) Principle of the mor-
phologically unstable growth, resulting from the competition of 2D nucleation at
the corners and edges due to the locally high supersaturation and subsequent step
flow toward the middle. The dashed line indicates the macroscopic continuous

crystal shape made up of microscopic, discrete steps.
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difference between edge and middle becomes larger until at some point at
the edges and corners new islands are formed faster than the previous ones
completely cover the surface (figure 8.2c). As a result, the corners and edges
of the crystal grow faster than the face centres and the crystal morphology
becomes unstable.

Due to the finite supply of lysozyme molecules in the closed system, in the
long run the overall solute content and thus the surface concentration drops.
The supersaturation decreases and the crystal regains its morphological sta-
bility (figure 8.1) because the step flow is now faster again than 2D nucleation.
This leads to a square, faceted crystal shape at the end of the experiment. In
this later stage of growth, the crystal as a whole first develops in a slightly
asymmetric fashion due to the presence of other crystals in its surroundings.
This asymmetry, like the instability, is corrected when the surface supersatu-
ration drops. However, the temporary asymmetry in the supply of lysozyme
molecules to the crystal remains visible in the size difference of the {101} faces,
as can often be encountered in lysozyme crystal growth experiments at higher

supersaturation.

8.3.2 Stability diagram

To investigate the conditions at which growing tetragonal lysozyme crystals ex-
perience morphological instability, temperature, PEG-4600 concentration and
lysozyme concentration were varied. Crystals were observed during growth by
optical microscopy to check if they develop any instability. As the instabil-
ity of a crystal partly depends on its size, a crystal might become unstable at
larger sizes than observed during experiment. However, depending on starting
conditions, on average a certain number of crystals will nucleate per unit vol-
ume, and deplete the solution while growing. Thus, depending on the starting
conditions, the crystals have a certain maximum size depending on the avail-
able material. We call a condition “stable” if during the experiment, i.e. from
nucleation to growth cessation, crystals do not show instability. The initial
conditions for which morphologically unstable growth occurs are shown in the

"stability diagram” of figure 8.3a.
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Figure 8.3: a) Instability diagram for the HEWL/NaCl/PEG-4600 system, with
0.685 M NaCl and 0.05 M NaOAc buffer solution at pH 4.5. b) Same data as in
panel a, but now in terms of diffusion coefficient and driving force. The letters

correspond to the panels of figure 8.4 showing crystals grown at these conditions.
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In the stable region, lysozyme crystals develop as polyhedral crystals, with
well-defined {110} and {101} faces (figure 8.4a). Increasing temperature,
PEG-4600 concentration, lysozyme concentration or any combination of these
parameters, brings the system into the unstable region. While in the unstable
zone, the extent of instability depends on the conditions’ distance to the sta-
ble zone. Figures 8.4d up to f show unstable lysozyme crystals at increasingly
destabilising conditions. Figure 8.4f is close to growth in a dendritic fashion,
as the reentrant corners suffer from a severe lack of growth units.

A third region at higher supersaturation is present in which the crystals
are neither faceted nor unstable, but kinetically rough[33] (see figures 8.4b
and c). Kinetically rough growth is a result of a high driving force, which
reduces the critical nucleus size for 2D nucleation to equal or below the size
of one growth unit[34]. As a result, the anisotropy in growth rates normally
resulting in the formation of facets disappears and the surfaces get rounded
and convex. Due to the rounded shape -which in some cases is even almost
cylindrical, as shown in figure 8.4b*- polyhedral instability is reduced.

Although for practical purposes figure 8.3 suffices, for comparison of mass
transport and surface kinetics conditions, one would like to have the stability
as function of diffusion coefficient, driving force and crystal size instead of
PEG concentration and temperature. In our experiments we usually find that
instability starts to develop when the crystals have a size of 20 to 30 um. The
driving force for crystallisation is given by

% =In ch , (8.1)
in which ¢ is the lysozyme concentration, and ceq the equilibrium lysozyme
concentration under given conditions. To convert lysozyme concentration to
driving force, we use literature data on the equilibrium concentration at various
temperatures for lysozyme in solutions as used in our experiments[35]. These

data do not include added polyethylene-glycols. The equilibrium concentration

*The {101} faces have different step energy and thus kinetic roughening sets on at a
higher driving force.
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Figure 8.4: Examples of tetragonal lysozyme crystals grown under different
conditions, all from a 0.685 M NaCl/0.05 M NaOAc buffer solution of pH 4.5.
The scalebars indicate 20 pm. a) stable growth at 50 mg/ml HEWL, 0 %w/v
PEG-4600 and 20 °C. For panels b up to e conditions are identical, 50 mg/ml
and 9 °C, except for an increase in PEG-4600 concentration. b) kinetically rough
growth at 0 %w/v PEG-4600. ¢) kinetically rough growth at 2 %w /v PEG-4600.
d) morphologically unstable growth at 5 %w/v PEG-4600. e) morphologically
unstable growth at 10 %w/v PEG-4600. f) morphologically unstable growth at
40 mg/ml HEWL, 25 %w /v PEG-4600 and 20 °C.
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varies with PEG-concentration as well, and its dependence is given by/[6]
Inceq = Inceq0 — K[PEG] | (8.2)

in which ceq 0 is the equilibrium concentration without PEG added, [PEG] the
polyethylene-glycol concentration in % w/v, and K a proportionality constant.
We determined K by solubility experiments to be approximately 0.02.

The diffusion coefficient of lysozyme changes with the addition of polyethy-
lene-glycols[8], but also decreases with increasing lysozyme concentration[36].
The dependency of the diffusion coefficient on lysozyme concentration is given
by[36]

D =Do[l+kpd] , (8.3)

where ¢ is the volume fraction of lysozyme, kp the diffusivity slope, and Dg
the single particle diffusion coefficient. The diffusivity slope depends on the
exact solvent composition, i.e. both sodium acetate concentration and sodium
chloride concentration. In our calculations we use the value -12.1 for 0.427
M NaCl as an upper limit as the slope kp is expected to be slightly steeper
for 0.685 M. Thus, the diffusion constant for higher lysozyme concentration is
slightly overestimated, and mass transport is even slower. To include the effect
of PEG-4600 on the diffusion constant, we use data on the reduced viscosity
of PEG-4000 in water[5]. The effect of PEG on diffusion is mainly an effect
of increase in viscosity[8]. The single particle diffusion Dy is related to the
dynamic viscosity through the Stokes-Einstein relation
kT

Dy = 8.4
0 6mnay (8-4)

where 7 is the dynamic viscosity of the solvent, and aj ~1.7 nm the hydro-
dynamic radius of a lysozyme molecule[37]. As an approximation we consider
the added PEG-4600 to change the viscosity in equation 8.4, and thus also
Dy in equation 8.3. In this way, the diffusion coefficient is calculated using ly-
sozyme concentration and PEG-4600 concentration. The appropriate driving
forces and diffusion coefficients determined in this way are used in the stability

diagram of figure 8.3b.
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The stability diagram of figure 8.3b suggests that a simple, empirical crite-
rion based on diffusion coefficient and driving force should be indicative of the
polyhedral stability of tetragonal lysozyme crystals. The diffusion coefficient
indicates the speed of the mass transport process, while the initial supersatu-
ration determines the maximum growth rate of the crystal. From experiments,
we find a stability criterion

=17+ 74 x Ap/kT
n D x 107 ’

3 (8.5)

where D is the diffusion coefficient in cm?/s. For ¢ < 1, crystals can be ex-
pected to retain their stability, while for & > 1 the balance between surface
kinetics and transport will induce morphological instability. It should be re-
alised that the above mentioned stability criterion only holds for the present
growth system. Changing the type of salt may result in different polymorphs,
which have different energetics, and even changing salt concentration may
change the polymorph[38] and growth mode[33].

The stability criterion for kinetically roughened crystals is very different
from the faceted ones, being

16 — 3.1 x Ap/kT

= D x 107

(8.6)

Here, the factor before Aup/kT is now negative, i.e. morphological stability
increases for increasing supersaturation. This effect, which is surprising, can
be understood in terms of the polyhedral nature of the instabilities. Slightly
rounded crystals will experience a lower supersaturation difference than prop-
erly faceted crystals, because the surface more closely follows the cylindrical
concentration profile. For a rounded, cornerless crystal obtained at the high-
est Au/kT, no supersaturation difference between corner and middle can even

exist.

8.3.3 Dynamic aspects

As is clear from the series of images of figure 8.1, morphological instability
is a transient state. Series of images like those of figure 8.1 offer the possi-

bility to acquire quantitative data on growth rates and stability of lysozyme
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crystals. Figure 8.5a shows the corner-to-corner distance and the middle-to-
middle distance of the crystal in figure 8.1. These are determined by using
the software program ImagePro Plus to automatically acquire the maximum
and minimum diameter of the crystals in the optical images, as indicated by
the red and black arrows respectively in figure 8.6. From the maximum di-
ameter the corner-to-corner distance is derived by using Pythagoras’ theorem
(blue arrows in figure 8.6). The solid line in figure 8.5a indicates the ratio
between middle-to-middle and corner-to-corner distance. This ratio in combi-
nation with its time-derivative is a benchmark for the stability of the crystal.
A ratio of one indicates a square crystal (figure 8.6a). If the ratio is smaller
than one (figure 8.6b) and decreasing, the crystal is morphologically unstable.
If the ratio is smaller than one but the ratio increases, the crystal is stable and
recovering its square form. Using the method of the minimum and maximum
diameter has the extra benefit that kinetic roughness can also be adjudicated
by this ratio, as for circular crystal shapes and square crystals with rounded

corners it is larger than one (figure 8.6c¢).

In the example of the experiment of figure 8.1, the stability of the crystal
decreases up to 55 minutes after the start of the experiment. At this point, the
growth rates of the face centres become larger than those of the corners (figure
8.5b), and the stability ratio increases as the crystal regains its stability. The-
oretically, the instability should increase while the crystal continues to grow.
However, the growing crystal and also other crystals nucleated in the solution
deplete their surroundings from lysozyme molecules. When the diffusion field
of a crystal starts to overlap with that of neighbouring crystals, the growth
rate drops. This moment coincides with the minimum in the instability ratio
after which the stability is regained (dashed line in figure 8.5a). The growth
rates indicate diffusion limitation before the 55 minute mark following a 1/+/¢
dependence (dashed line in figure 8.5b), but continue to drop faster due to the
depletion.

Kinetic data were taken by the described method from series of images of
crystals growing under various conditions for a lysozyme concentration of 42

mg/ml (figures 8.7 and 8.8). Figure 8.7 shows corner-to-corner size and stabil-
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Figure 8.5: Growth data taken from the series of images in figure 8.1. (a)
Squares indicate the distance between the top left and top right corner as in-
dicated by the black arrow in the inset. Circles indicate the distance from the
middle of the left (110) face to the right (110) face (white arrow in inset). The
solid line depicts the ratio between corner-to-corner and middle-to-middle dis-
tance indicating instability when decreasing and smaller than 1. The dotted
lines are slopes of the growth curve, the intersection of which indicates the mo-
ment at which the growth rate drops due to overlapping diffusion fields. (b)
Growth rates of the corners (squares) and middle (circles) of the {110} faces.
The dashed line indicates a 1/+/% fit.
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a b C

Figure 8.6: Schematic representation of the automatic acquisition of the di-
mensions of a crystal. The maximum (red arrows) and minimum diameter (black
arrows) are acquired from the images. Via Pythagoras’ theorem, the “corner-to-
corner” distance is determined (blue arrows). The stability ratio is equal to the
ratio between red, Lcentre, and blue, Leomer, arrows. (a) The instability ratio
is equal to 1 for stable crystals. (b) The instability ratio is smaller than 1 for
morphologically unstable crystals. (c¢) For kinetically rough crystals the ratio is
larger than 1.

ity ratio for experiments at 5 %w/v PEG and 10 %w/v PEG for temperatures
ranging from 9 °C to 21 °C. Because the diffusion coefficient is only slightly
temperature dependent, these data can be considered as function of Au/kT.
For 5 %w/v PEG the diffusion coefficient is approximately 3.7x10~7 cm?/s,
while for 10 %w/v PEG the diffusion coefficient is approximately 2.1x10~7
cm?/s. For unstable crystals at 10 %w/v PEG, it takes longer to regain their
stability than at 5%w/v PEG. Also, the ratio shows a slightly higher insta-
bility. At both PEG concentrations, crystals in the lower supersaturation
experiment (i.e. higher temperatures) continue to grow for a longer time and
to a larger size than crystals at high supersaturation. At high supersaturation,
not only the growth rate but also the 3D-nucleation rate is high compared to
low supersaturation. A higher number of crystals in the system speeds up
the process of depletion of the mother liquor and thus the moment at which
diffusion fields start to overlap.

Figure 8.8 shows size and stability ratio for experiments at 9 °C and 15 °C
for PEG concentrations ranging from 0 %w/v to 10 %w/v. At higher PEG
concentrations the crystals are polygonized and behave in the same way as

those shown in figure 8.7. As the diffusion coefficient is lowered and Ap/kT
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Figure 8.7: Kinetic data for 42 mg/ml HEWL, 0.685 M NaCl, 0.05M
NaOAc/HOAc, pH 4.5, 5%w/v PEG-4600 (left column) and 10 %w/v PEG-4600
(right column) at various temperatures. The top row shows the corner-to-corner

distance. The bottom row shows the instability ratio (see text).
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Kinetic data for 42 mg/ml HEWL, 0.685 M NaCl, 0.05M
NaOAc/HOAc, pH 4.5 and various PEG concentrations at 9°C (left column)

and at 15°C (right column). The top row shows the corner-to-corner distance.

The bottom row shows the instability ratio (see text).
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is increased, we expect a higher degree of morphological instability at these
conditions. Experimental data show a general trend following this concept,
but in detail are not consistent as a consequence of the 3D-nucleation effect
as described above. Crystals grown at 15 °C continue to grow to larger sizes
than crystals grown at 9 °C, confirming the influence of nucleation on growth
kinetics (fig. 8.8). However, at lower PEG concentrations the situation is
different. Here the crystals were found to be kinetically rough, resulting in a
stability ratio larger than one. Thus, in general, crystals starting out rough
stay stable throughout the experiment (figure 8.8, 9 °C, 1-4%w/v PEG, and 15
°C, 0 and 2%w/v PEG). In some experiments, at the rough-unstable transition
line, the crystals start out slightly rough, develop facets as the supersaturation
drops and enter in the polyhedral instability region and loose their stability
(figure 8.9). In the end the solution is depleted and the crystal changes back
to its faceted shape, thus having progressed through all morphological stages.
The morphological changes are reflected in the stability ratio which starts at
1.18, drops to 0.88 and ends up at 1.0 (figure 8.8: 9°C and 5% PEG).

In general, the shape of crystal, i.e. being faceted or being rounded due to
roughening, appears to have a larger influence on the morphological stability

than variations in Ay and D.

8.3.4 2D nucleation versus step flow

To investigate qualitatively the influence of the finite dimensions of the crystal
and its environment on the kinetics of a growing lysozyme crystal and its
stability, we use a model based on the 2D nucleation rate and step velocity.
At high supersaturations the formation of new layers occurs via “Birth and
Spread”, i.e. 2D nucleation and subsequent spread of the 2D islands over the
crystal surface. Because the surface concentration for a polyhedral crystal is
higher at its corners than in the middle, 2D nuclei are mainly formed at the
corners. From here the layers spread out towards the middle of the crystal
face (figure 8.2c). For a crystal to maintain its polyhedral shape, the average
time for a new layer to nucleate should be at most equal to the time it costs

for such a layer to cover the crystal surface. If nucleation of a new layer is
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Figure 8.9: Tetragonal lysozyme crystal growing from a 42 mg/ml HEWL, 0.685
M NaCl, 0.05 M NaOAc/HOAc solution of pH 4.5 with 5 % PEG at 9 °C. The
crystal starts out kinetically rough (panel a), changes to faceted growth (panel
b), subsequently looses its morphological stability (c), and in the end regains its
stable, faceted shape (d). The scalebars indicate 25 pm.
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faster, the corners will grow faster than the middle.

Thus, the shape of the crystal is determined by the balance between 2D
nucleation at the edges and corners of the crystal and step flow at the face
centre. Using this concept, we can perform the following analysis to find a
relation between the local supersaturation and the local slope of the crystal
surface. The step flux is constant over the surface and is equal to the nucleation
rate, i.e. Jit = Juuel- The step flux Jg is the number of steps passing the crystal
surface at each point x per unit time, and is the product of step velocity vg ()

and the step density ¢g(x), which is the number of steps per unit length:
Jst = ’Ust(ﬂj‘) . (bst(x) . (87)
The step speed is given by

vst(z) = Bst - o () (8.8)

in which [ is the step kinetic coefficient, which we presume to be independent
of step spacing. These two equations can be used to find an expression for the

step density depending on nucleation rate and supersaturation:

o Jnucl
dst(x) = uo@) (8.9)
Since the local slope of the surface, p(z), is determined by the step density
and the step height hg, i.e. p(x) = ¢st(z) - hst, Wwe now obtain an expression

for the local slope
p(z) = Jnuct hst (8.10)
Bst ()
The nucleation rate can be found by using the growth rate of the crystal at
the corner, as the number of new layers is equal to the growth rate normal to
the surface divided by the height of one layer, Jyuel = Reorner/hst- Thus, we
find an expression for the local supersaturation as function of the local slope

and the growth rate at the corner:

RCOrner ]‘
c—_— 8.11
5y @) (8.11)

o(x) =




150 PEG-induced morphological instability

This expression can be used in analysing surface profiles taken from experi-
ment. Figure 8.10a shows a time-lapse series of surface profiles of a morpho-
logically unstable lysozyme crystal, and figure 8.10b shows the corresponding
supersaturation profiles o(z) - fs, which is identical to Reorner/p(x). Deter-
mination of the actual supersaturation value o(x) is not possible as the step
kinetic coefficient is not known. However, the supersaturation profiles are
consistent within the experiment. Using equation 8.11, we find that the av-
erage supersaturation drops more than a factor of 10 during this growth run,
whereas the supersaturation ratio between corner and middle of the crystal
face remains roughly a factor two. The dotted line shows a typical surface
profile for a square crystal growing by 2D nucleation as calculated using the
finite differences method. When the stability is regained, the experimental
supersaturation profiles have a shape similar to this calculated profile, which

is typical for stable growth.

In section 8.3.3 we defined an instability criterion based on the ratio be-
tween the surface centre-to-centre distance Leentre and the corner-to-corner
distance Lcormer. If growth is unstable this ratio decreases, and vice versa. An

expression for this ratio can be given by

Lecentre _ Leorner — 2Ahst -1— 2Ahst , (812)

LCOI‘I’IGI‘ LCOI‘I’IGI‘ Lcorner

in which A is the number of steps the centre lags behind the corner, and hg
the height of one step. Although the slope p(x) is not constant along the
crystal surface, an average slope can be defined based on the corner-to-corner

distance and the lag at the centre of the crystal surface:

>\ hst

1
2 L corner

p(z) = (8.13)

Substitution into equation 8.12 gives Leentre/Lcorner = 1 — p(z). The change
in Leentre/ Leorner With time, i.e. d(Lcentre/ Leorner)/dt, is given by —dp(x)/dt.
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Figure 8.10: (a) Surface profiles extracted from time-lapse series of microscope

images of a growing lysozyme crystal at 5 %w/v PEG-4600 and 18 °C. Interval

between succesive lines is approximately 5 minutes. (b) Relative supersaturation

o, proportional to Reomer/p(x), derived from the surface profiles of panel (a) and

the growth rate at the corner of the crystal. The dotted line indicates a typical

surface profile of a square crystal growing by 2D nucleation, calculated by finite

elements. The numbers indicate time in minutes.
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In combination with equation 8.10 this results in

Lcentre L
d (m) _ _@d (Jnucl < U(.’L’) >)
dt Bet dt
_ _@ d (Jnucl/Uavg) (8 14)
ﬁst dt ’ ‘

with oavg is < 1/0(z) >71. For 2D nucleation the supersaturation dependent

nucleation rate is approximated by[39]

B
Jnucl = A/(Ustep)cornel‘ P {_W}
— Ao expd B (8.15)
= stOcorner €XP hl(O'corner 4 1) ’ )

with A’ and B supersaturation independent coefficients, and ccorner the su-
persaturation at the corners of the crystal. Thus, by combining equation 8.14

and 8.15 the change in (in)stability ratio becomes

Lcen re corner B
d (Loorrtler ) - d (A UO'avg eXp { - ln[a'avg+1] })
at dt '

Evaluating equation 8.16 in combination with figure 8.10 we find three regions

(8.16)

of interest. For small crystals, i.e. at the start of the experiment, the surface
profile is a straight line without a cusp (bottom profile in fig. 8.10a), indi-
cating that ocorner = Oavg. 2D nucleation occurs on the whole crystal surface,
which is planar. Next, the crystals become larger and as a result the ratio
Ocorner/Tavg increases, while the change in the exponential term does not play
a role yet. The ratio Leentre/Leorner decreases, which indicates loss of stability.
During continued growth of the crystals, the overall concentration in the finite
system goes down and as a result also the surface concentration decreases.
Now the exponential term in equation 8.16 plays a major role as its value
drops rapidly and d(Lcentre/ Leorner) /dt becomes positive, which makes the ra-
ti0 Lcentre/ Lcorner g0ing back to 1. Thus, stability is regained even though the
ratio Ocorner/Cavg remains larger than 1. In the end the system is depleted
from growth units and the surface concentration drops to the region of spiral

growth, in which the crystal finds its stable form[20].
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8.4 Conclusions

Polyhedral instability for lysozyme crystals was previously estimated to occur
for crystals larger than 2 cm. We have shown that by the addition of PEG-
4600 the balance between surface kinetics and mass transport can be shifted
such that instability occurs for crystals a mere 30 um in size. In-situ mea-
surements using optical microscopy showed that the morphological stability
of the crystals decreases for higher driving force and lower solute diffusion co-
efficients. However, if the crystal is kinetically roughened the situation differs
and stability increases for increasing driving force, which can be explained by
the rounded shape deviating from the polyhedral shape of the crystal. Due
to the finite supply of lysozyme in the system crystals regain their stability,
not revealing their history of instability. Thus, a look at crystals at the end of
an experiment does not necessarily reveal any processes detrimental to crystal
quality. Changing crystallization conditions during growth based upon in-situ
observations may avoid the occurrence of morphological instability while re-
taining the high initial supersaturation needed for nucleation. A qualitative
model based on the balance between 2D nucleation at the corners of the crystal
and step velocity toward the middle explains the influence of mass transport
on stability and shows the regain of stability when the supply of growth units

runs dry.
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