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Abstract. Hen-egg white lysozyme was used for studying
the influence of temperature on crystallization. The reac-
tion was Initiated at variable temperatures, covering the
range between 5—50 °C, and was monitored with photon
correlation spectroscopy. When aggregation was induced
by addition of NaCl, the clusters formed exhibited diffu-
sion limited aggregation behavior and crystals appeared
in less than two days. In contrast, (NH,),S0O, induced
aggregation took place mostly in the cross-over regime.
In this case, solutions either remained transparent and
void of crystals or formed gels within a few weeks. In
both cases the kinetics could be dynamically scaled into
master curves indicating that the precrystallization
formed aggregates are fractals resulting from different
collision processes.
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1. Introduction

Few attempts have been made to elucidate the sequence
of events involved in protein crystallization (Boistelle and
Astier 1988) and the field still lacks a coherent description
since precise kinetic data are unavailable for proteins. At
the descriptive level, major deviations are not expected to
occur upon comparison with inorganic materials (Rosen-
berger 1986). However, the absence of suitable observ-
ables renders rigorous physical -chemical foundations dif-
ficult. In recent years, this pitfall has been recognized by
protein crystallographers and light scattering techniques
rapidly gain ground in the elucidation and early diagnosis
of the protein crystallization process.

The fate of the protein solution is expected to depend
on the nature of events during the very carly stages of the
aggregation process. Cluster formation kinetics can be
treated according to contemporary fractal aggregation
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theory (Weitz and Lin 1986; Meakin 1988; Vicsek 1989;
Klein et al. 1990; Kolb 1991). Recent progress in these
disciplines came from developments of scaling theories and
the further notion that fractal growth provides efficient
means to describe quantitatively aggregation processes.

We have shown that the initial growth process is ac-
companied by the formation of large fractal structures
(Georgalis et al. 1992; 1993) resulting from different colli-
sion processes. In this work we have investigated the in-
fluence of starting temperature on the formation of pre-
crystallization aggregates. In this work we will show that
the formation of precrystallization aggregates and the
long-time behavior of the solutions is a very delicate func-
tion of the temperature applied at the initial stages. Dif-
ferences in the precursors growth process are associated
with the crystal formation of lysozyme.

1.1. Photon correlation spectroscopy

The theory of PCS has been reviewed by Schmitz (1990)
and Chu (1991). Therefore only elementary consider-
ations nced to be presented at this point. As a highly
idealized case we will consider an interaction free,
monodisperse ensemble of spherical particles undergoing
Brownian motion as a consequence of the thermal agita-
tion of the solvent. Laser light scattered from these parti-
cles is received in the direction of the scattering angle 6 by
a photomultiplier. The Brownian motion of the particles
leads to Doppler broadening and the scattered light is
characterized by a linewidth increase compared to the
incoming laser light. The increase is very small, typically
in the KHz range and therefore cannot be resolved by
gratings or interferometric techniques. This small line-
width corresponds to slow fluctuations of the scattered
intensity typically in the ms range. If the size of the parti-
cles is very small in comparison with the wavelength of
incident light, the scattered intensity will fluctuate around
a mean value

1= a, 1m0, (1)
k
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In Eq. (1) r, denotes the position of the k-th particle in
space and g, is its scattering amplitude. The spatial reso-
lution of experiments is defined by the scattering vector ¢
whose magnitude is given by the Bragg formula

_4mn,
q=Iq|= ]

sin(6/2), @)

where 4 is the wavelength of the laser beam and n, the
refractive indek of the suspending medium.

The first order autocorrelation function (ACF) can be
written as

G(l)(’c) — <§ (ak)l eiq[rk(t)—rk(t—r)]>’ (3)

where the angular brackets denotes time average and the
vector r, (t) — r, (t — 1) the displacement of the k-th parti-
cle due to Brownian motion in time t (Einstein 1905,
1906).

{r () = (t—=1)?*> = 6Dy . )

Combining Egs. (3) and (4) the field ACF can be written

as

GV(1) =3 (a) e Prer. &)
k

Experimentally the intensity or second order correlation

function is the measured quantity. It is related to the first
order correlation function via the relation (Siegert 1943)

GP)=(G10) +|6P ()2 (6)

Combining Egs. (5) and (6) we obtain for the intensity
ACF function

GO = (2 a1+ 72007 )

that can be fit to an intensity correlation function which
can be obtained from a modern PCS spectrometer. Out-
put signals are transferred to a digital correlator (for re-
views see Schulz-Dubois 1983; Schitzel 1993) where after
amplification and discrimination the necessary opera-
tions are carried out. For monodisperse solutions a sim-
ple semilogarithmic expansion of the ACF yields the z-av-
erage translational diffusion coefficient D;. The mean hy-
drodynamic radius R, of the particle can then be readily
obtained from the Stokes-Einstein relation

D — kyT
T 6nnR,

where ky denotes Boltzmann’s constant, T absolute tem-
perature, and y the viscosity of the medium, respectively.

In the examined systems samples usually depart from
the dilute regime, are not monodisperse, cannot be treat-
ed as hard impermeable spheres and their size becomes
larger than the wavelength of the incoming light after a
few minutes. The ACF is a superposition of exponentials
characterized by a distribution of relaxation times and
scattering amplitudes proportional to the light scattered
by each species. More complex, albeit tractable by con-
temporary evaluation schemes, formulation of the ACF
holds for polydisperse systems (Lindsay et al. 1988, 1989).
In this case an integration over the cluster size distribu-
tion N (R) is involved. Equation (7) can be written in a

®)

form that allows one to account for polydispersity (Lin
et al. 1990 a,b)

G@(t)oc [N(RYM?(R)S(qgR) e "R '¢*dR 9)

where £ is a proportionality constant, M (R) is the mass
and S (g R) the static structure factor of a cluster having a
radius R. The resolution of sums of exponentials is known
to comprise an ill-conditioned problem and renders data
analysis difficult. All these deviations from the ideal case
pose severe restrictions in the experimental design, data
acquisition and concomitant evaluation procedures. Fur-
thermore, fractals are asymmetric structures, and the con-
tributions of both translational and rotational modes in-
to R, must be considered if g R > 0.2. The field ACF of
anisotropic, inhomogeneous scatterers have been calcu-
lated with the assumption that rotational and transla-
tional motions are uncoupled (Lindsay et al. 1988, 1989).
Computer generated and experimentally produced diffu-
sion limited aggregates show typical asymmetry ratios of
about 1.7, a value that indicates that this assumption
applies. Numerical expressions for the structure factors of
fractal clusters have been obtained (Lin et al. 1990a,b).
These advances allow for precise assessments of the clus-
ter size kinetics (Klein et al. 1990).

1.2. Fractal cluster aggregation regimes

When particles associate, low density, random structures
very often result. These structures can be described as
fractal clusters. Their formation by non-equilibrium pro-
cesses has been studied extensively in recent years, espe-
cially by computer simulations and scattering techniques
(Vicsek 1989; Kolb 1991; Martin and Ackerson 1985;
Martin and Leyvraz 1986). The simplest type is termed
self-similar fractals. Such clusters are invariant to isotrop-
ic changes of the length scale, i.e. look the same when
observed under different magnifications, and exhibit scal-
ing symmetry.

For inorganic colloids two distinct fractal aggregation
regimes with universal scaling properties are known. If
the energy barrier is smaller than thermal energy, diffu-
sion is the rate limiting step and each encounter leads to
aggregation. This regime is termed diffusion limited clus-
ter aggregation (DLCA) regime. The kinetics of cluster
growth can then be described as follows (Weitz et al. 1984;
Feder et al. 1984; Rarity et al. 1989)

RO =R,(1+ct)/ (10)
where
4k, T
c=a 3):7 N, (11)
=k, N, (12)

and R, is the monomer radius, d, the fractal dimension
and N, the total number of seed particles. In Eq. (10) ¢
can be then recognized as the probability of collision and
k, as the Smoluchowski (1916, 1917) rate constant. The
variable o denotes the sticking probability, «, defined in
electrostatic theory as reciprocal stability factor of col-



loidal aggregation (Verwey and Overbeek 1948). Equa-
tion (10) involves the assumption that o =1 with unity.
If the repulsive energy barriers are sufficiently higher
than the thermal energy, aggregates will be prevented
from sticking upon collision and aggregation is termed as
reaction limited cluster aggregation (RLCA). The growth
kinetics follow in this case (Weitz et al. 1984; Weitz and
Lin 1986; Ball et al. 1987) a diverging exponential law

R(H)=R, e (13)

where ¢’=ca and « should much smaller than unity for
the pure RLCA regime.

Intermediate cases where both regimes manifest their
properties in a mixed way are in generally called the
cross-over regime. The latter regime is rich in information
and of relevance in protein crystallization studies. Precise
determination of the fractal dimension requires again the
support of angular dependence light scattering measure-
ments.

2. Materials and methods
2.1. Materials

All chemicals used in the present work were of analytical
grade and water was obtained from a Millipore-Q device.
Hen-egg white lysozyme, three times crystallized was
purchased from Sigma Chemical Co. (Deisenhofen, Ger-
many). Protein preparations were treated as previously
described (Georgalis et al. 1993) dissolved in a 0.1 M Na-
acetate buffer, pH 4.2 and tested for monodispersity with
PCS in the absence of salt. The temperature dependence
of the pH of this buffer is linear in the temperature range
employed and the gradient ApH/AT amounts to only
0.01 pH units. At the very extreme temperatures em-
ployed this variation will not cause drastic changes and
pH has been considered constant throughout. Salts were
purchased from Merck (Darmstadt, Germany), were of
high purity and were always prepared fresh as concentrat-
ed stock solutions in the same buffer.

Protein and salt solutions were mixed in the appropri-
ate ratio and filtered through Minisart (Sartorius GmbH,
Germany) sterile filters, 0.22 um pore size, into standard
cylindrical light scattering cells. In all experiments we
have employed a standard lysozyme concentration of
2.1 mM, unless otherwise stated. The concentration of
NaCl throughout was 0.64 M, and that of (NH,),SO,
1.14 M. The choice of these conditions is empirical and
serves only as a reasonable balance between the total
experimentation time and the appearance of the crys-
talline phase.

Viscosities of solution were experimentally determined
as a function of temperature by employing an AVS/G
viscosimeter facility (Schott, Mainz, Germany) and capil-
lary Ostwald viscosimeters.

2.2. PCS - data acquisition and evaluation

PCS experiments were conducted with an ALV/SP-80
light scattering spectrogoniometer (ALV, Langen, Ger-
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many) and the ALV-500/FAST digital correlator with
286 channels spaced quasi-logarithmically in time. A
Spectraphysics 165 Ar™ laser operating at a wavelength
of 488 nm served as light source. The scattering angle
employed was in all cases 20°.

Temperatures in the range from 5 to 50.0°C were con-
trolled by a Lauda RC6 thermostat with a nominal accu-
racy of +0.01°C. Experiments were initiated within less
than 1 min after mixing of the solutions and triplicate
measurements were performed at each temperature in
order to reduce uncertainties. Owing to the rapid size
increment of the clusters, the first thirty spectra were sam-
pled over 30 s, whereas the next thirty over 60 s, unless
otherwise stated. The elapsed time between two experi-
ments was 4.5 s. The total time of a typical kinetic exper-
iment was kept to equal to 3000 s.

The particle distribution function of clusters was ob-
tained after Laplace inversion of the ACF with a modified
version of the program CONTIN (Provencher 1982 a, b)
implemented in a CONVEX-C200 supercomputer. De-
coupling of the rotational modes and calculation of the
appropriate structure factors were accomplished as previ-
ously described (Georgalis et al. 1993). Output files of
CONTIN in reduced format were further manipulated
with graphics and standard non-linear fitting routines for
extracting the parameters of interest. Upon completion of
the experiments the light scattering cells were stored in an
air-conditioned crystallization room at 17.5°C and ob-
served under a light microscope for a period of several
weeks.

3. Results

NaCl is known to induce the crystal formation of
lysozyme. We employed conditions for which we know a
priori that temperatures between 17.5 and 20°C will lead
to successful crystallization. In contrast (NH,),SO, is not
known to induce crystallization of lysozyme (Ries-Kautt
and Ducruix 1989; Ducruix and Ries-Kautt 1990), where-
as for more than 60% of protein crystals obtained so far
it has played a deciding role (NIST data bank update
1992, described in Gilliland and Bickham 1990). We will
demonstrate that these two agents influence in a different
manner the initial aggregation stage and lead to com-
pletely diffusion final structures.

Employing either NaCl or (NH,),SO, as precipitating
agents, the cluster size reaches a point where the radius
does not appreciably increase within the spectra accumu-
lation time. We have introduced the term quasi-station-
ary hydrodynamic radius. The definition is arbitrary and
denotes an average radius obtained from data in the
range 2000 to 3000 s in a kinetic experiment. It serves for
describing gross changes in the overall behavior of the
clusters rather than absolute dimensions of the clusters in
the particle sizing sense.

3.1. Aggregation kinetics

The mass of a fractal cluster scales according to a power
law (Klein et al. 1990; Rarity et al. 1989; Schaefer and
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Keefer 1987; Pusey and Rarity 1987)
M) R\

M, \R,

where M, and R, are the mass and the radius of the
monomer, respectively, and R, is the radius of gyration
of the cluster. Lysozyme cluster having radii between
300—700 nm will be comprised of 7.8-103-3.6-10*
monomers, assuming a fractal dimension of 1.8.

A 7 h duration kinetic experiment involving lysozyme
in the presence of NaCl at 20°C is displayed in Fig. 1a.
Radii and their standard deviations, obtained after analy-
sis with CONTIN, are plotted in a logarithmic fashion
against time. The first thirty spectra were sampled over
30 s whereas all others were over 5min. The inverse
Laplace transform resolves well both fractal clusters and
monomers. The standard error associated with the cluster
radii is small, less than 1.0%. The average monomer ra-
dius is 2.32+0.34 nm, the fractal dimension of the clus-
ters, calculated by a fit of (10) to the measured radii, is
1.70+0.05.

Selected correlation functions and the corresponding
particle radius distribution are displayed in Figs. 1D, c.
The correlation functions were collected 6, 45, and
140 min after initiation of the experiment. Whereas in the
first function two decay times can be resolved, at later
times the clusters dominate the spectra. Monomers can
still be resolved in these cases, however the associated
errors are larger.

(14)

Fig. 1. a Aggregation kinetics of 2.1 mM lysozyme in 0.64 M NaCl at
20°C in a 0.1 M Na-acetate buffer, pH 4.2. o: monomers and e:
precrystallization fractal clusters. The upper curve was fitted with
parameters d, =1.70 and R, = 2.32 nm. b Intensity correlation func-
tions of experiment 1a after 6, 45, and 140 min. 1 ¢ Corresponding
radial distributions to the correlation functions of 1b
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Typical growth kinetics of lysozyme clusters with
NaCl at 10°C and 50°C are shown in Fig. 2a. In either
case, clusters are formed in the DLCA regime and exhibit
fractal dimensions of 1.67+0.17 and 1.6040.14, respec-
tively, obtained by non-linear fits according to (10). There
is no significant dependence of the fractal dimension d, on
the temperature. The mean value obtained over the whole
temperature range is d, = 1.69+0.23 and agrees to within
7% with the universal value of 1.81 (Lin et al. 1989 a,b,
1990) for ideal colloidal gold aggregation in the DLCA
regime. These departures should be treated with some
caution since others (Olivier and Serensen 1990; Asnaghi
et al. 1992) have questioned the universal model of only
two aggregation regimes and claim that a continuum of
characteristic exponents could adequately describe frac-
tal cluster formation.

Data collection when using (NH,),SO, as a precipitat-
ing agent appears more difficult than with NaCl. In the
beginning of each run several spectra had to be discarded
owing to transients of large clusters through the scatter-
ing volume. These effects are in accord with an initial
formation of large and rapid precipitating clusters. Later,
the behavior changed to diffusion limited aggregation.
The fractal dimensions determined after omitting the
first ten to fifteen points from each curve are 1.7910.16
and 1.8240.10, respectively. These values are in very
good agreement with the value of 1.81 for DLCA aggre-
gation.

The dependence of the overall scattered intensity upon
the radius of the scatterers gives another way to obtain
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Fig. 2a—c. Cluster aggregation kinetics of lysozyme in a NaCl and
b in (NH,),SO, at 10°C (e) and 50°C (v), respectively. Fits to the
DLCA regime calculated from Eq. (10) are shown. ¢ Double loga-
rithmic plot of scattered intensity divided by the static structure
factor in arbitrary units as a function of the hydrodynamic radius.
The solid line denotes the fitted slope with a fractal dimension of
d;=1.514£0.14. Experimental conditions: 2.1 mM lysozyme with
0.64 M NaCl at 25°C

the fractal dimension of the scattering particles. The in-
tensity is related to the hydrodynamic radius by a power
law (Pusey and Rarity 1987)

I o Rif S (‘L Rh)> (1 5)

furthermore the static structure factor S(g, R,) has to be
taken into account, because of the size and the fractal
nature of the clusters. In Fig. 2c a log-log plot of the
scattered intensity divided by the static structure factor
versus the hydrodynamic radius is shown, where the slope
gives the fractal dimension. Aggregation of 2.1 mm
lysozyme was initiated by 0.64 M NaCl at a temperature
of 25°C. A linear regression analysis yields the fractal
dimension as d, =1.5140.14. This values is in between
the error range of the value calculated from the aggrega-
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Fig. 3. a Scaled aggregation kinetics of 2.1 mM lysozyme with 0.64 M
NaCl at 10°C (), 30°C (v), and 50°C (o). The curve shown in the
figure is a fit to the data with a fractal dimension of d,=1.62.
b Scaled aggregation kinetics of 2.1 mM lysozyme with 1.14m
(NH,),SO, at temperatures of 20°C (e), 35°C (v), and 50°C (o). The
curve shown in the figure is a fit to the data with a fractal dimension
of d,=1.82

tion kinetics, deviations may result from intensity which

is scattered by the monomers.

Evaluation of experiments which were performed at
different temperatures or with 1.14 M (NH,),S0O, as pre-
cipitating agent did not lead to diverging results.

3.2. Dynamic scaling of aggregation kinetics

A proof of the fractal nature of the aggregates is given in
Figs. 3a, b. When the elapsed times are normalized by
T/n according to Egs. (10) and (11) (Feder et al. 1984) all
points should fall onto a universal master curve with a
slope equal to the reciprocal of the characteristic fractal
dimension.

Aggregation kinetics of 2.1 mM lysozyme with 0.64 m
NaCl at temperature of 10°C, 30°C and 50°C are dis-
played in Fig. 3a. Similarly, scaled aggregation kinetics of
2.1 mM lysozyme with 1.14 M (NH,),SO,, at temperatures
of 20°C, 35°C and 50°C are displayed in Fig. 3b. Inter-
mediate temperatures exhibited comparable behavior for
both precipitating agents, whereas it was not possible to
scale the (NH,),SO, data at temperatures below 15°C.

The universal scaling, despite small uncertainties due
to minor concentration differences between the solutions
studied indicates that an extension of the measured data
in the intermediate and g R > 1 regimes is possible. It is
successfuly accomplished if the necessary precautions for
the correct particle sizing are taken. Our results are at
variance with the work of Feder et al. (1984) who deter-
mined a fractal dimension of 2.5 for immunoglobulin ag-
gregation kinetics as a function of temperature and
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Fig. 4. Dependence of the quasi-stationary hydrodynamic radius of
lysozyme fractal clusters on temperature in () 0.64 M NaCl and (v)

1.14 M (NH,),S0,. The points indicate an average of three indepen-
dent experiments

protein concentration in the g R < 1 regime. However, the
lysozyme solution studied here is intrinsically more stable
and better defined.

We conclude that the aggregation of lysozyme induced
by NaCl follows DLCA, whereas (NH,),SO, induced ag-
gregation follows late cross-over 15°C behavior at com-
parable times. The aggregates formed in either case are
petfect fractals a few minutes after initiating the reaction.

3.3. Temperature dependence of the cluster sizes

Averaged quasi-stationary radii as a function of tempera-
ture of three independent experiments are displayed in
Fig. 4. Aggregation initiated by NaCl led to clusters with
radii 480+ 140 nm at 5°C and 16004307 nm at 50°C.
The linear dependence of the cluster size on the tempera-
ture corroborates the view that growth of these clusters
takes place in the DLCA regime. An increase of the ther-
mal energy increases the rate of collision and growth of
clusters is faster. The rate of cluster growth can be esti-
mated as 28 nm/°C.

If lysozyme aggregation is initiated by addition of
(NH,),SO, the radii of the clusters do not exhibit a linear
temperature dependence. Between 5 and 20°C radii fluc-
tuate around 400+ 30 nm. A transition is observed above
15°C and clusters grow to approximately 15004330 nm
at 50°C. It seems that below room temperature the
molecules cannot overcome the energy barrier. However,
at higher temperatures, the barriers can be more easily
overcome and the rate of collision increases. Above the
transition temperature, the rate of cluster growth is com-
parable with that of the NaCl clusters, namely 27 nm/°C.

Lysozyme in the presence of (NH,),SO, forms gels at
initial temperatures higher than 20°C after two weeks.
X-ray diffraction studies of the gels did not indicate the
existence of microcrystalline structures. Gelation can be
understood in terms of modification of the scaling expo-
nents of the Smoluchowski collision kernel and concomi-
tant changes of the particle size distribution (van Dongen
and Ernst 1985a, b; Ernst 1987). Despite its interesting
properties, a systematic study of the geling transition is
out of the scope of the present work. However, these
findings suggest that lysozyme can be directly involved in
a wider spectrum of complex phenomena and provides

Fig. 5a—c. Lysozyme crystals grown from NaCl as a function of the
starting aggregation temperature. Photographs are taken after 36 h
under a magnification of 80 times. The temperature during the first
45 min of aggregation is a 5°C, and the crystal size 180 um, b 25°C,
crystal size 650 um, and ¢ 45°C, crystal size 820 um. Bar size equals
250 pm

additional evidence for the fractal nature of the clusters
involved in the crystallization process.
3.4. Correlations between cluster and crystal size

Since the only variable in the experiments described
above is the temperature of the early aggregation stage



(during the first 50 min), it is worth examining in a qual-
itative way its effect on crystals grown within the next few
days. In all experiments conducted in the presence of
NaCl, a clear dependence of both crystal size and number,
on starting temperature was observed.

Pictures of lysozyme crystals were taken through a
light microscope 36 h after completion of the light scatter-
ing experiment. Experiments performed at a starting tem-
perature of 5°C produced typical crystal sizes of about
180 pm, at 25°C of 650 um, and at 45°C of 820 um (Fig.
5a—c). The number of crystals present in the light scatter-
ing cells seems to follow a reciprocal temperature depen-
dence and thus fewer crystals are detected at higher start-
ing temperatures.

A dramatic increase in the crystal size was observed
after incubating samples with a lower initial concentra-
tion, 1.45 mM, of lysozyme with 0.64 m NaCl and by ap-
plying a temperature gradient. Temperature was varied
between 10-50—-10°C with a rate of 0.5°C/min for the
heating cycle and 0.25°C/min for the cooling cycle.
Changes in temperature can be understood as changes of
the solubility of the solution. It has been shown (Hein-
richs et al. 1992) that exponential temperature gradients
have marked effects on crystal growth. During one cool-
ing and heating cycle growth was quenched and the clus-
ter radii remained nearly constant to the end of the exper-
iment. After completion of the experiments the samples
were kept again at constant temperature, Crystals grew in
less than 24 h and reached a maximum size of 2.2 mm
within 72 h. The behavior can probably be explained by
a ripening mechanism where the applied gradients seem
to accelerate dissolution and growth rates. To our knowl-
edge successful crystallization attempts of lysozyme at the
high temperatures, as the ones employed in the present
work, have not yet been reported by other groups.

These observations have a qualitative character but
are reproducible. For a quantitative description, large
populations of crystals have to be examined and distribu-
tion histograms of their dimensions and number have to
be constructed during the growth process (Pusey and
Naumann 1986; Zuck and Ward 1991) and further corre-
lated with the early stage of the aggregation kinetics.

4. Conclusions

In the present work we have investigated the effect of
starting temperature in the growth of protein crystalliza-
tion aggregates. Advances dictated by contemporary col-
lod chemistry allow a realistic description of the PCS
profiles in the intermediate scattering vector regime. The
fractal exponents of clusters can be obtained with fair
precision and their size can be deduced in a rapid fashion
during the early stages of the aggregation reaction (i.e.
within less than sixty min).

The temperature variation at the initial stage, whereas
later solutions are allowed to relax, renature and restruc-
ture for several days at constant temperature, seems to be
a very important factor. Dynamic scaling of the size of the
clusters growing under optimal and suboptimal crystal-
lization conditions is observed and either case can be
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described by different collision processes that lead to ei-
ther crystallization or gelation. At least for lysozyme, the
probability that a global crystallization minimum is at-
tained, is reinforced when aggregation takes place initial-
ly in the pure DLCA regime. In contrast, aggregation
induced by addition of (NH,),SO, takes place initially in
the cross-over regime and leads to fractal clusters of
smaller sizes at comparable times. The size of these clus-
ters is independent of temperature up to 15°C, above this
temperature clusters grow faster and gelation is complet-
ed within two weeks.

Precrystallization clusters are fractals characterized by
fast DLCA aggregation, or late-cross-over behavior in-
dicative of the onset of nucleation (Hoekstra et al. 1992),
with a dimensionality close to 1.70. Since we have not
observed growth of crystals, after extended periods of
time, in the pure RLCA or early-cross-over regime we can
identify those aggregates as precursors of a precipitation
reaction. It is worthy noting that nearly all structures
observed during the present study have been experimen-
tally verified by small angle X-ray experiments in tetra-
ethylorthosilicate (Schaefer and Keefer 1987). Therefore
the identifications of pathways connecting the structure
with the precursor growth process is not an intractable
task.

A crucial question that is under investigations is
whether and how these clusters are related to the nucle-
ation process and further crystal growth. Nucleation ki-
netics of lysozyme have been observed for a limited num-
ber of cases only because it is very fast and cannot be
captured by the PCS experiment. Therefore, a precise
definition of critical radii as a function of solution super-
saturation is very difficult under the conditions employed.
Fractal cluster formation can be understood as a result of
nuclei-nuclei collision whereas the exact border between
nucleation and postnucleation events is not easy to de-
fine. We have good reasons to believe that fractal clusters
are not random byproducts of unsuccessful nucleation
but they serve for buffering concentration and charge,
thus optimizing the degree of supersaturation of the solu-
tion.

One could imagine that the delayed cross-over behav-
ior of (NH,),SO, is associated with the formation of nu-
clei with smaller critical sizes than those formed by NaCl.
Longer induction times may be very important for the
success of a crystallization experiment. However, in both
cases the fractal structures are involved in ordering pro-
cesses such as gelation and crystal formation. The indi-
vidual solvent mediated interaction pattern that lyso-
zyme exhibits with each precipitating agent is responsible
for the appearance of the two processes. The question of
whether nuclei at the early states are compact or tenuous
structures is also not easy to answer at this stage. Restruc-
turing of tenuous structures could lead to compact ones
with smaller sizes and higher fractal dimensions (Meakin
1988). Theoretical studies (Klein and Leyvraz 1986; Yang
et al. 1990) have indicated nucleation models that may
depart from the classical picture.
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