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Observing classical nucleation theory at work
by monitoring phase transitions with molecular
precision
Mike Sleutel1, Jim Lutsko2, Alexander E.S. Van Driessche1, Miguel A. Durán-Olivencia3 & Dominique Maes1

It is widely accepted that many phase transitions do not follow nucleation pathways as

envisaged by the classical nucleation theory. Many substances can traverse intermediate

states before arriving at the stable phase. The apparent ubiquity of multi-step nucleation has

made the inverse question relevant: does multistep nucleation always dominate single-step

pathways? Here we provide an explicit example of the classical nucleation mechanism for a

system known to exhibit the characteristics of multi-step nucleation. Molecular resolution

atomic force microscopy imaging of the two-dimensional nucleation of the protein glucose

isomerase demonstrates that the interior of subcritical clusters is in the same state as the

crystalline bulk phase. Our data show that despite having all the characteristics typically

associated with rich phase behaviour, glucose isomerase 2D crystals are formed classically.

These observations illustrate the resurfacing importance of the classical nucleation theory by

re-validating some of the key assumptions that have been recently questioned.
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I
t is perhaps difficult to overstate the importance of nucleation
in all branches of natural sciences. A seemingly gratuitous
statement, however, the concept of nucleation has been

invoked to explain phenomena such as the formation of bacterial
appendages, the initiation of neuro-degenerative diseases, earth-
quakes and more tentatively, the origin of life itself1. Indeed, in
his classic book on the subject, ‘Nucleation: Basic Theory with
Applications’2, Kashchiev goes beyond the typical examples of
(in)organic, protein and colloidal crystallization and widens the
discussion with examples as diverse as volcano eruptions, the
initiation of divers’ decompression sickness and the formation of
black holes to name but a few. In all cases, the importance of
nucleation is rooted in the fact that it represents the transition
from a stochastic regime dominated by thermal fluctuations to a
deterministic regime where growth is thermodynamically driven.

Although the basic theoretical framework known as Classical
Nucleation Theory (CNT) was developed more than 50 years
ago2–7, the field of nucleation is undergoing somewhat of a
renaissance as evidenced by numerous recent publications8–22,
which report on so called non-classical nucleation events that
either contest or expand on CNT. These developments have been
driven to a large extent by the recent buildout of both
experimental and simulation techniques that allow us to
observe details of the nucleation process on length and time-
scales that were previously inaccessible. Given the wealth of new
information, it is not surprising that, despite its well-known
simplicity and robustness, numerous short-comings of CNT have
now become apparent23–25. This has led to renewed interest in
the development of theoretical methods that go beyond the
simplifying assumptions of CNT such as the use of the capillary
approximation to calculate free energies, the assumption of
spherical nuclei, the assumption of detailed balance and so on26.

Perhaps the most notable outcome of these efforts has been the
discovery that the direct, so called single step, nucleation of a new
phase is often less favoured than more indirect, multistep
processes9,20,27. Indeed, inspired by theoretical and simulation
works, experimentalists have searched and found many examples
of multistep nucleation (MSN)8,10,11,13,15,19,21,22 where the
system transitions through one or multiple intermediate states,
before arriving at the final stable phase. Given the apparent
ubiquity of the MSN mechanism as suggested by theory9 and
numerous experimental examples8,10,11,13,15,21,22, the inverse
question has become relevant: how common is direct, single-
step nucleation of crystalline phases and is there a competition
between the two mechanisms in a given system or is each
substance predisposed to one and only one nucleation pathway?
One of the goals of this contribution is to provide a well-
characterized example of crystallization that does nucleate
classically in a system known to exhibit the characteristics of
the two-step mechanism in other circumstances28. Such examples
are extremely rare. State-of-the-art techniques utilized for small
molecules, such as in situ TEM, are well-suited for monitoring the
succession of microscopic phases, that is, mapping the nucleation
pathways29. However, they lack the lateral resolution required to
provide a detailed structural characterization of subcritical
clusters. As phase identification is based on integrative
diffraction techniques, only general statements regarding the
nature of the emerging phases can be made (local structural
heterogeneity cannot be probed), thereby prohibiting a full
dissemination of the actual nucleation mechanism. In this work
we employ atomic force microscopy (AFM) to follow the
nucleation and growth of 2D protein crystals with molecular
precision, allowing us to identify the nucleation pathway and
mechanism, simultaneously. For a liquid-to-crystal transition, as
is the case here, non-classical nucleation is considered to be those
events where local increase in density and crystallinity do not

occur simultaneously, but rather sequentially. For the specific
system we scrutinized, glucose isomerase 2D crystallization on
mica, and we find no evidence that such MSN scenarios might
exist despite actively searching phase space for it.

Results
Gucose isomerase forms 2D crystals on mica. We begin by
demonstrating that Hepes buffered glucose isomerase solutions
(purified from Streptomyces rubignosus and supplied by Macro-
crystal Oy—natively present in solution as a dimer of dimers)
readily form 2D crystallites when exposed to freshly cleaved
muscovite mica (Fig. 1c,d). Crystallographic defects are clearly
present: in addition to vacancies, we observe translational lattice
disorder resulting in twin boundaries (also see Supplementary
Video 1 and Supplementary Fig. 1) within single clusters and
grain boundaries at the interfaces between independently nucle-
ated clusters (Fig. 2c). The latter comes from the angular and/or
lateral offset between the individual cluster lattices. It is clear that
the majority of the 2D crystals are aligned with respect to one
another, suggesting that the crystallization is a hetero-epitaxial
process. Remarkably, such alignment is completely absent when
phlogopite is used as a substrate, a closely related mineral that
also belongs to the phyllosilicate group (Fig. 1e). Interestingly,
nucleation is only triggered when a threshold concentration of
divalent cations is reached in the solution. For instance, for
Mg2þ we observed at random adsorption for 1 to 20 mM MgCl2
(no 2D crystals), whereas 40 up to 500 mM induced rapid
nucleation of planar crystalline islands composed of glucose
isomerase tetramers (Fig. 1). For higher protein concentrations, a
self-assembled monolayer is formed that almost fully covers the
mica surface. What drives this adsorption process? At the
working pH of 7.0, glucose isomerase has a large net negative
charge (estimated to be � 17.6e using the PropKa 3.1
webserver30). Given the negative surface charge of freshly cleaved
mica immersed in aqueous solutions31, it is reasonable to assume
that the divalent cations create electrostatic bridges between the
negatively charged protein side chains and the oxygen atoms on
the muscovite surface, thus facilitating adsorption. The large
number of solvent exposed aspartate and glutamate residues
suggests that the molecules will be oriented randomly when
adsorbed to the surface (see Supplementary Fig. 2). Both
rotational and translational diffusion will be required to align
the molecules into the crystalline lattice during nucleation and
growth. We make note of two observations that nuance this
simplified static picture. First, the propensity of the divalent
cations to induce nucleation seems to follow a Hofmeister series
dependence32. At a fixed salt concentration of 50 mM, we only
observed 2D crystals using Ca2þ and Mg2þ , whereas Mn2þ and
Ni2þ did not lead to any discernible protein adsorption on the
mica surface (see Supplementary Fig. 3). Zn2þ and Cu2þ were
also tested but no in situ AFM observations could be made
because these ions trigger rapid protein aggregation within the
bulk liquid on mixing with the glucose isomerase stock solution.
Typically, such ion-specific effects are framed within the
discourse of the chaotropic/kosmotropic divide33. If at play
here, it implies that the local water structure—or lack thereof— in
the vicinity of the protein and/or mica surface is a key factor in
the adsorption process. Second, at low salt concentrations (below
40 mM MgCl2) individual glucose isomerase tetramers are readily
resolved at the mica/liquid interface (Fig. 1b) due to their long
residence times. This demonstrates that the protein molecules
have a strong vertical interaction with mica. Interestingly, at
higher MgCl2 concentrations, this vertical interaction is altered
and the molecules switch from being stationary to being mobile
surface species (Fig. 1c). Effectively, a wetting layer comprising
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surface diffusing molecules is created once a critical cation
concentration is reached and the mobile admolecules become
indiscernible with AFM. After an induction time in the range of
minutes, crystalline clusters emerge within this mobile layer that
either redissolve or laterally expand once they surpass a critical
size. The induction time can be increased by lowering the protein
bulk concentration and/or the addition of NaCl. For sufficiently
high concentrations of NaCl (for example, 25–50 mM),
nucleation is halted altogether (Fig. 3b).

We use static light scattering (SLS) to delineate the relative
roles of Mg2þ and Naþ (see Supplementary Fig. 4 and
Supplementary Note 1). The colloidal stability of the salt-free
solutions is reflected in the large positive second virial coefficient
(A2¼ 2.4� 10� 7 mol dm3 g� 2), which is the result of long range
electrostatic repulsion between the molecules induced by their
net negative charge28. Shielding of the surface charges by the
addition of 50 mM MgCl2 significantly lowers A2 to
4.2±0.4� 10� 8 mol dm3 g� 2, which is in correspondence with
the emergence of the crystalline phase. Supplementing the 50 mM

MgCl2 solution with 25 mM NaCl -which is sufficient
to inhibit nucleation- has no measurable impact on A2

(4.3±0.3� 10� 8 mol dm3 g� 2). The lack of change in A2 is
not surprising given that the ionic strength of the solution
increases only slightly (from 0.15 to 0.175 M corresponding to a
Debye-Hückel screening length of 0.78 and 0.73 nm, respectively).
In situ observation reveals that the wetting layer of diffusing
glucose isomerase molecules is unperturbed by the presence of
NaCl. We therefore conclude that (i) the repulsive term in the
pairwise interaction potential dominates the second virial
coefficient, (ii) NaCl mainly affects the horizontal protein–
protein bonding within the clusters, most likely by disrupting the
ionic bridges (see below) through either charge neutralization or
inducing repulsive hydration forces34. We explore the role of
electrostatics further by monitoring the crystallization behaviour
as a function of pH (see Supplementary Fig. 5 and Supplementary
Note 2). We find a clear upper limit for crystallization: at pH 8.0,
no crystalline clusters are detected but the diffusive layer remains
present on the mica surface. We postulate that for these charge
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Figure 1 | Glucose isomerase 2D crystals on muscovite as a function of [MgCl2]. (a) 0 mM, no adsorption, (b) 20 mM, at random adsorption

of glucose isomerase, (c) 50 mM, phase separation into a mobile diffusive layer and two-dimensional protein crystals, (d) 500 mM even at 30 mg ml� 1,

the crystals do not grow in the vertical direction, (e) 2D crystallization using freshly cleaved phlogopite as a substrate.
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states (� 20.14e predicted by propka server) the repulsive
component of the interaction potential becomes dominant and
the averaged protein–protein interaction becomes too repulsive.

Sub-, near- and super critical clusters are crystalline. In the
following section, we focus solely on conditions with low protein
(o0.1 mg ml� 1) and/or low NaCl concentrations (1–15 mM). By
slowing down the kinetics of the system in this manner, we obtain
an experimental window onto the processes that precede and give
rise to the nucleation event. Using this approach, we can
follow the development of subcritical clusters with molecular
precision—a characteristic shared by a few other systems
(atoms35, colloids22,36 and proteins37,38). We find no evidence for
the presence of amorphous clusters on the mica–liquid interface,

that is, a local density increase is always linked to the alignment of
the constituting molecules into a crystallographic arrangement
(Fig. 4). This observation holds even for clusters that nucleate and
redissolve, which we consider to be sub-critical. This is
demonstrated in Fig. 5 that is based on a subset of frames from
Supplementary Video 2 in which we follow the system that starts
out as randomly diffusing molecules that cluster, cross the critical
size and grow as 2D crystals to near surface coverage. Crystalline
clusters rapidly emerge with sizes ranging from 4 to B40
molecules. Cross-correlating successive images reveal that smaller
clusters have a predisposition to shrink or dissolve completely,
whereas larger clusters, notwithstanding temporal fluctuations,
tend to amass monomers indefinitely. Note that we rule out the
possibility of simple cluster surface diffusion into and outside the
field of view by slow-scan axis disabled imaging on an isolated

56 nm

9.6 nm

100 nm
34 nm

Figure 2 | Range of crystallographic defects. (a) Twin boundaries within a single cluster (dashed lines) and a vacancy (arrow), (b) zoom-in of twin

boundaries within a single cluster, (c) grain boundaries at the interfaces of independently nucleated clusters (white arrows) and (d) plastic crystal

phase. The bulk composition was 10 mM Hepes pH 7.0, 50 mM MgCl2 (a–c) and 500 mM MgCl2 (d) with 0.05 mg ml� 1 (a,b) and 0.1 mg ml� 1

(c,d) glucose isomerase.

100 nm

10 mM NaCl 25 mM NaCl 10 mM NaCl

100 nm 100 nm

Figure 3 | Reversible 2D crystallization as a function of [NaCl]. (a) At 10 mM NaCl, 2D crystals are readily formed, which after washing with

25 mM NaCl (b) fully redissolve to nucleate anew (c) when the [NaCl] is lowered again to 10 mM. Note that the number density of clusters is lower

(compared with a) due to the shorter delay time between sample injection and the onset of imaging. The bulk composition was 0.05 mg ml� 1,

10 mM Hepes pH 7.0, 50 mM MgCl2 and 10 mM and 25 mM NaCl.
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cluster (see Supplementary Fig. 6). These observations are in
accordance with one of the core concepts of classical nucleation
theory, that is, the existence of a critical size that subdivides
clusters in groups of being either sub- or supercritical. More
importantly, it suggests that there is a local maximum in the
cluster size dependence of the free energy in this system. The
presence of such an activation barrier demonstrates that the
formation of the 2D crystalline phase occurs through nucleation
and not by means of spinodal decomposition. By measuring the
maximum size of clusters, which still tend to dissolve, we estimate
the critical size to be B20 molecules.

The molecular arrangement is clearly scale-invariant, that is,
glucose isomerase adopts the same organization in subcritical

clusters as in supercritical clusters (Fig. 4b). The distinct absence
of a disordered precursor phase preceding the formation of the
crystalline monolayer (which is the stable end-state) demon-
strates that the system follows a classical one-step nucleation
pathway, that is, density and crystallinity increase concertedly.
The clear lack of any oligomeric species within the bulk liquid
shows that these clusters are energetically stabilized by the
cooperative action of both the vertical (mica-protein) and the
in-plane (protein-protein) interactions (see Supplementary Fig. 4
and Supplementary Note 1). Formation of crystalline symmetry
as a requisite for densification can be rationalized by evaluating
the mode of interaction within these clusters. The experimentally
obtained lattice parameters of the 2D crystals (determined from

Figure 4 | Snapshots of individual clusters ranging in size from 1 to 450 molecules. Remarkably, even the smallest clusters exhibit a highly

ordered state commensurable with the lattice of larger sized clusters. However, the local symmetry is not perfect. Note for example the monomer

on the left side of the pentameric cluster (black circle): it is out of registry with the lattice defined by the four other molecules (white circles).

This displacement is not at random as it coincides with the lattice displacement corresponding to the twin boundaries (to illustrate this, the pattern is

overlaid onto the largest sized cluster in the lower right panel). From Fig. 5, we estimate the critical size to be B20 molecules. Circles in the panels of the

upper row (1rNr10) represent tentative molecular assignments and only serve as a guide for the eye (consult Supplementary Fig. 7 to see more

snapshots). Scale bar, 20 nm.
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Figure 5 | Real-time imaging of the nucleation and growth of 2D glucose isomerase crystals with molecular resolution. The mica surface was initially

exposed to a high [NaCl] solution (condition of middle panel of Fig. 3) to wet the surface without inducing nucleation. The AFM liquid cell was

subsequently flushed with 0.01 mg ml� 1, 10 mM Hepes pH 7.0, 10 mM NaCl and 50 mM MgCl2 to trigger crystal formation (t¼0, scan direction

for all images upwards). Crystalline clusters rapidly emerge with sizes ranging from 4 to B40 molecules. Cross-correlating successive images reveal

that smaller clusters (III and IV) have a predisposition to shrink or dissolve completely, whereas larger clusters (I and II) tend to amass monomers,

notwithstanding temporal fluctuations. This is in accordance with one of the core concepts of classical nucleation, that is, the existence of a critical size

that subdivides clusters in groups of either sub- or supercritical. More importantly, it suggests the presence of a local maximum in the cluster size

dependence (the relevant order parameter) of the free energy. The presence of such an activation barrier demonstrates that the formation of the 2D

crystalline phase occurs through nucleation and not by means of spinodal decomposition. Shortcuts across the nucleation barrier do occur by means

of coalescence of independently formed subcritical clusters (black arrows), a pathway outside the scope of CNT.
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images obtained without the use of an O-ring, u¼ 8.3 nm,
v¼ 8.6 nm, y¼ 66�) are in excellent agreement with those derived
from X-ray diffraction data on orthorombic 3D crystals
(u¼ 8.574 nm, v¼ 8.574 nm, y¼ 66.32� for the (011) face of the
I222 space group). Within this crystallographic arrangement,
each monomer interfaces with one nearest neighbour only,
repeated four times because of the tetrameric nature of the
growth units, through the formation of a salt and hydrogen
bridge between Asp80-Arg331 and Arg76-Glu328 (ref. 39). The
range of this attractive interaction is in the sub-nanometer range
(o0.4 nm) more than one order of magnitude smaller than the
hydrodynamic radius of the particles (4.5 nm). From colloid
theory, it is well established that systems with a small ratio of
range of attraction to particle size (o0.25 (refs 40,41)) do not
exhibit stable dense liquid phases, which would be the 3D
analogue of adsorbed amorphous clusters in our 2D case. Hence,
for this system, dense liquid phases are expected to be metastable
with respect to the crystalline phase. If multi-step nucleation were
to occur in this system, the intermediate phases are therefore
bound to be metastable. However, their distinct absence in any of
our observations rules out this most obvious mode of MSN where
the system transitions through distinctly different consecutive
phases (be they stable or metastable), a process most closely
resembling the Ostwald rule of stages and in complete
compliance with classical predictions. This leaves open one final
other possibility, which has been dubbed transient two-step
nucleation. In transient nucleation, as observed in colloid
freezing42 and described in theory43, liquid-like subcritical
clusters are formed first that then gradually solidify into
crystalline clusters as the critical size is approached, the
important point being that the process is cooperative,
characterized by only a single-nucleation event and well outside
the scope of CNT. Figures 4 and 5 demonstrate that this is not the
case here. Reiterating our previous point, subcritical, critical and
supercritical clusters are not disordered and liquid-like but
crystalline (see also Supplementary Fig. 7).

Discussion
Given recent non-classical observations for the 3D case28, it is
striking to see how well glucose isomerase 2D crystallization fits
into the CNT straitjacket. The width of the cluster interface is
close to zero, the interior of the cluster is in the bulk state and the
cluster dynamics are determined by single molecular attachment
and detachment events (see also Supplementary Figs 6 and 8), all
of which are well-known CNT restraints. Note that we solely
resolve single molecules when they are grouped into a cluster.
This clearly shows that only the concerted action of the vertical
and horizontal interaction leads to an effective immobilization of
the molecules. It is therefore logical (given the short-range
interaction) that we observe a defined and not a diffuse cluster
interface. Second, the appearance of only one type of dense
phase demonstrates that (at least for the conditions tested in this
work) molecular arrangements that deviate from a crystalline
arrangement are not favoured. This is in agreement with
our model of the protein interaction, that is, predominant
electrostatic repulsion apart from those orientations
commensurable with the lattice leading to attraction. Now,
given the characteristics of our system (surface mediated 2D
crystallization driven by short range, anisotropic attractive
interaction) can one conclude that classical nucleation routes
will always be the most efficient crystallization pathway for
(hetero)-epitaxial systems? Recent observations on S-layer
formation15 (2D protein crystals used by pathogenic bacteria as
a molecular chain mail for defensive purposes) seems to suggest
otherwise. For their system, Chung et al.13,15 observed a clear

delineation between densification and local symmetry breaking,
contesting the generality of our observations. There are, however,
two important factors that distinguish their system from the more
conventional epitaxial case. First, the substrate in their case, a
supported lipid bilayer (SLB), is liquid-like (the lateral diffusion
coefficient of the lipids in the SLB is 10� 7–10� 8 cm2 s� 1)44 and,
second, the monomers undergo a conformational transformation
when relaxing into a crystalline arrangement. Such characteristics
are well beyond the scope of CNT and it is therefore not
surprising (as also pointed out by the authors) that they lead to
non-classical effects.

In a previous work28 we have demonstrated that at high
concentrations (B100 mg ml� 1) glucose isomerase can cluster
into liquid-like aggregates that are potential precursors of
crystalline clusters. Here, due to the wetting effect, nucleation
can already be induced at bulk concentrations that are four orders
of magnitude lower (B0.01 mg ml� 1). Although no disordered
clusters are present in the bulk for these conditions, one might
have expected, given the concentrating effect induced by the
external field, 2D amorphous precursors to be present as well.
Ultimately, we see no evidence that such a 2D/3D symmetry
exists and it seems reasonable to conclude that these disordered
dense states will be much higher in energy so that prevalence of
one-step nucleation is a logical consequence. Note that the key
factors determining the nucleation pathway are the (in)existence
of possible intermediate states (primarily a thermodynamic
issue43), the free-energy barriers separating the various states
and the kinematics of thermal fluctuations. Simulation has
shown45 that even when suitable intermediate states exist, the
selection of the pathway depends on a combination of the
remaining factors and that there is no simple way to predict
which pathway will dominate.

Our AFM data demonstrate a clear alignment of the glucose
isomerase clusters with respect to the underlying muscovite
lattice. One might speculate that the external field imposed by the
substrate in some way penalizes the formation of disordered
phases (we rule out possible artefacts by minimizing the applied
force with the AFM, Supplementary Fig. 9 and Supplementary
Note 3). In other words, is the classical pathway we observe
experimentally a result of the templating effect of the substrate?
Most works on epitaxial nucleation are primarily concerned with
the effect of lattice mismatch and the effect on the critical size and
the nucleation rate46,47. The issue of the templating effect on the
nucleation pathway seems not to have been widely investigated
until now. However, the absence of any lattice alignment when
using phlogopite as a substrate demonstrates epitaxy is not a
requirement for nucleation, nor does it greatly influence the
nucleation rate (we obtain similar number densities of 2D crystals
on both muscovite and phlogopite under otherwise identical
conditions, Supplementary Fig. 10). Second, given that the
molecules adsorb onto mica in random orientations (the
distribution of negative surface side chains does not suggest a
guiding mechanism) virtually all relative orientations will be
sampled in the diffusive layer, leaving the possibility to form
disordered dense states open. From observations in the liquid
bulk, however, we know that this type of clustering requires high
solute concentrations, concentrations that might simply not be
reached in the diffusive layer surrounding the crystalline clusters.

The resurfacing importance of classical nucleation theory is
also illustrated in a recent study on heterogeneous nucleation of
calcite48, a system that, somewhat ironically, has become the
archetypal example of multiphase aggregation10,49. A similar
contrasting complexity is found for the protein studied here:
we have shown that mesoscopic clusters can play a role in the
3D nucleation of glucose isomerase, suggestive of multi-step
nucleation. Our observations on the 2D analogue are therefore
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particularly revealing: glucose isomerase can, despite having the
characteristics typically associated with rich phase behaviour
(anistropic interaction50, existence of metastable states in the bulk
liquid), nucleate classically. These examples emphasize that,
although the initial introduction40 of the MSN concept has led to
great advances in the field, much experimental headway is to be
made in understanding what determines the relative efficiencies
of the various pathways leading towards the final state. At least
already one suggestion has been made to gain control over the
pathway selection: Whitelam, on the basis of computer
simulation, suggests to tune the relative strengths of the specific
and nonspecific interactions51, a line of thinking that should
certainly be tested experimentally.

Methods
Preparation of the protein stock solution. Crystalline suspensions of glucose
isomerase purchased from Macrocrystal Oy were dialysed against 10 mM
Hepes pH 7.0 and 1 mM MgCl2. The dialysis buffer was replaced until the
protein solution in the dialysis membrane became clear (full dissolution of the
crystals). The protein solution was then concentrated to typically 150–200 mg ml� 1

using e280nm¼ 1.042 ml mg� 1 cm� 1, filtered using a 0.2-mm cutoff syringe filter and
stored at 4 �C.

Atomic force microscopy. AFM imaging was done in tapping mode using a
Nanoscope IIIa multimode AFM (Veeco, Santa Barabara, USA) employing a liquid
cell with O-ring to prevent evaporation. Ten-millimetre muscovite discs (Agar
Scientific) were glued with two-component epoxy glue onto metal pucks. Before
sample loading, the mica was cleaved using sticky tape. Sharpened silicon nitride
tips (DNP-S10, Bruker) with a force constant of 0.12 N m� 1 was used. Flattened
images were constructed using WSxM 5.0 (Nanotec52) and Gwyddion53. To
minimize the force applied to the sample while scanning (and counter set point
drifts in the system), the set point voltage was continuously adjusted to the lowest
level for which tip-sample contact was maintained. Typical drive amplitudes were
in the range 100–150 mV. It is important to stress that there is no correlation
between the size of the cluster and our ability to resolve the individual molecules.
The dominating parameter is the mobility of the molecules, be they isolated or
clustered into islands, rather than the size of the cluster.

Static and dynamic light scattering. SLS data of filtrated Hepes buffered glucose
isomerase solutions were collected at 20 �C in 10 mm cylindrical cuvettes at an
angle of 90 employing an ALV-CGS-3 static and dynamic light scattering device
using a 22 mW He-Ne laser with a wavelength l¼ 632.8 nm. Before sample
measurements, detector dark counts were measured and subtracted from the
final recorded intensity. The range of concentrations used was 3–10 mg ml� 1. For
SLS, the method outputs the ratio KC/Ry where C is the protein concentration,
Ry¼ Iy/I0 is the Rayleigh ratio of the intensity of the light scattered at angle Iy to the
incident intensity I0, K is a system constant defined as K¼ (2pn0/l2)2(dn/dC)2/NA,
NA is the Avogadro number, n is the solution refractive index and n0¼ 1.334 is the
refractive index of the solvent at the wavelength of the laser beam. The refractive
index increment dn/dC¼ 0.213 cm3 g� 1 was measured using an Abbe 60-ED
refractometer. The ratio KC/Ry is proportional to the osmotic compressibility

KC=Ry ¼
1

RT
d�

dC

� �
ð1Þ

where & is the contribution of the scattering species to the osmotic pressure
of the solution, R is the universal gas constant and T is the absolute temperature.
The concentration dependence of the KC/Ry ratio allows determination of the
molecular weight MW and the osmotic virial coefficients using ref. 54

KC=Ry ¼
1

MW
þ 2A2Cþ 3A3MW C2::: ð2Þ

where A2 and A3 are the second and third virial coefficients. Given that we operate
in the linear regime of the Debye plot, only first order corrections are considered.

Dynamic light scattering was performed contemporaneously with the SLS
experiments. Data were collected in a pseudo cross-correlation setup to minimize
the contribution of dead time effects and PMT after-pulsing to the recorded signal.
The digital correlator outputs the intensity autocorrelation function g2(t)� 1 with
t the delay time55. This function g2(t) is connected to the electric field correlation
function g1(t) through the Siegert relation

g2ðtÞ ¼ B 1þ b j g1ðtÞ j 2
� �

ð3Þ

where B is the baseline of the correlation function at infinite delay and b the
function value at zero delay. For a monodisperse solution, g1(t) is a single
exponential decay g1(t)¼ exp(�Gt) with the decay rate G¼Dq2 defined by the
diffusion coefficient D of the particles and the magnitude of the scattering vector
q ¼ 4pn0

l sin y=2ð Þ at the scattering angle y.
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übsersäzttigten Dämpfen. Ann. Phys. Lpz 24, 719–752 (1935).
8. Gasser, U., Weeks, E. R., Schofield, A., Pusey, P. N. & Weitz, D. A. Real-space

imaging of nucleation and growth in colloidal crystallization. Science 292,
258–262 (2001).

9. Lutsko, J. F. & Nicolis, G. Theoretical evidence for a dense liquid precursor to
crystallization. Phys. Rev. Lett. 96, 461021–461024 (2006).

10. Gebauer, D., Völkel, A. & Cölfen, H. Stable prenucleation calcium carbonate
clusters. Science 322, 1819–1822 (2008).

11. Savage, J. R. & Dinsmore, A. D. Experimental evidence for two-step nucleation
in colloidal crystallization. Phys. Rev. Lett. 102, 1983021–1983024 (2009).

12. Sear, R. P. Nucleation via an unstable intermediate phase. J. Chem. Phys. 131,
074702 (2009).

13. Chung, S.-Y., Kim, Y.-M., Kim, J.-G. & Kim, Y.-J. Multiphase transformation
and ostwald’s rule of stages during crystallization of a metal phosphate. Nat.
Phys. 5, 68–73 (2009).

14. Erdemir, D., Lee, A. Y. & Myerson, A. S. Nucleation of crystals from solution:
Classical and two-step models. Acc. Chem. Res. 42, 621–629 (2009).

15. Chung, S., Shin, S.-H., Bertozzi, C. R. & Yoreo, J. J. D. Self-catalyzed growth of
S layers via an amorphous-to-crystalline transition limited by folding kinetics.
Proc. Natl. Acad. Sci. USA 107, 16536–16541 (2010).

16. Streets, A. M. & Quake, S. R. Ostwald ripening of clusters during protein
crystallization. Phys. Rev. Lett. 104, 1781021–1781024 (2010).

17. Auer, S., Ricchiuto, P. & Kashchiev, D. Two-step nucleation of amyloid fibrils:
omnipresent or not? J. Mol. Biol. 422, 723–730 (2012).

18. Savage, J. R., Pei, L. & Dinsmore, A. D. in Kinetics and Thermodynamics of
Multistep Nucleation and Self-Assembly in Nanoscale Materials (eds
Nicolis, G. & Maes, D.) 111–135 (John Wiley & Sons, Inc., 2012).

19. Driessche, A. E. S. V. et al. The role and implications of bassanite as a stable
precursor phase to gypsum precipitation. Science 336, 69–72 (2012).

20. De Yoreo, J. Crystal nucleation: more than one pathway. Nat. Mater. 12,
284–285 (2013).

21. Baumgartner, J. et al. Nucleation and growth of magnetite from solution. Nat.
Mater. 12, 310–314 (2013).

22. Tan, P., Xu, N. & Xu, L. Visualizing kinetic pathways of homogeneous
nucleation in colloidal crystallization. Nat. Phys. 10, 73–79 (2014).

23. Vekilov, P. G. Dense liquid precursor for the nucleation of ordered solid phases
from solution. Cryst.Growth Des. 4, 671–685 (2004).

24. Sear, R. P. The non-classical nucleation of crystals: microscopic mechanisms
and applications to molecular crystals, ice and calcium carbonate. Int. Mater.
Rev. 57, 328–356 (2012).

25. Lutsko, J. F. & Durán-Olivencia, M. A. Classical nucleation theory from a
dynamical approach to nucleation. J. Chem. Phys. 138, 2449081–24490814
(2013).

26. Lutsko, J. F. A dynamical theory of nucleation for colloids and macromolecules.
J. Chem. Phys. 136, 0345091–03450923 (2012).

27. Myerson, A. S. & Trout, B. L. Nucleation from solution. Science 341, 855–856
(2013).

28. Sleutel, M. & Van Driessche, A. E. S. Role of clusters in nonclassical nucleation
and growth of protein crystals. Proc. Natl Acad. Sci. USA 111, 546–553 (2014).

29. Nielsen, M. H., Aloni, S. & Yoreo, J. J. D. In situ TEM imaging of CaCO3

nucleation reveals coexistence of direct and indirect pathways. Science 345,
1158–1162 (2014).

30. Olsson, M. H. M., Søndergaard, C. R., Rostkowski, M. & Jensen, J. H.
PROPKA3: consistent treatment of internal and surface residues in empirical
pKa predictions. J. Chem. Theory Comput. 7, 525–537 (2011).

31. Neil, H. T. in Applied Scanning Probe Methods VI—Characterization
(eds Bhushan, B. & Kawata, S.) (Springer, 2014).

32. Lo Nostro, P. & Ninham, B. W. Hofmeister phenomena: An update on ion
specificity in biology. Chem. Rev. 112, 2286–2322 (2012).

33. Zangi, R. Can salting-in/salting-out ions be classified as chaotropes/
kosmotropes? J. Chem. Phys. B 114, 643–650 (2010).

34. Gillespie, C. M., Asthagiri, D. & Lenhoff, A. M. Polymorphic protein crystal
growth: Influence of hydration and ions in glucose isomerase. Cryst. Growth
Des. 14, 46–57 (2014).

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms6598 ARTICLE

NATURE COMMUNICATIONS | 5:5598 | DOI: 10.1038/ncomms6598 | www.nature.com/naturecommunications 7

& 2014 Macmillan Publishers Limited. All rights reserved.

http://www.nature.com/naturecommunications


35. Zhang, Z. & Lagally, M. G. Atomistic processes in the early stages of thin-film
growth. Science 276, 377–383 (1997).

36. Zhang, K.-Q. & Liu, X. Y. In situ observation of colloidal monolayer nucleation
driven by an alternating electric field. Nature 429, 739–743 (2004).

37. Yau, S.-T. & Vekilov, P. G. Direct observation of nucleus structure and
nucleation pathways in apoferritin crystallization. J. Am. Chem. Soc. 123,
1080–1089 (2001).

38. Malkin, A. J. & McPherson, A. in Nanoscale Structure and Assembly at Solid-
Fluid Interfaces vol. 2 (eds Lin, X. & DeYoreo, J.) 201–238 (Plenum/Kluwer
Academic Publisher, 2004).

39. Sleutel, M. et al. Does solution viscosity scale the rate of aggregation of folded
proteins? J. Phys. Chem. Lett. 3, 1258–1263 (2012).

40. ten Wolde, P. R. & Frenkel, D. Enhancement of protein crystal nucleation by
critical density fluctuations. Science 277, 1975–1978 (1997).

41. Anderson, V. J. & Lekkerkerker, H. N. Insights into phase transition kinetics
from colloid science. Nature 416, 811–815 (2002).

42. Zhang, T. H. & Liu, X. Y. How does a transient amorphous precursor template
crystallization. J. Am. Chem. Soc. 129, 13520–13526 (2007).

43. Lutsko, J. F. in Kinetics and Thermodynamics of Multistep Nucleation and
Self-Assembly in Nanoscale Materials (eds Nicolis, G. & Maes, D.) 137–172
(John Wiley & Sons, Inc., 2012).

44. Bockmann, R. A., Hac, A., Heimburg, T. & Grubmuller, H. Effect of sodium
chloride on a lipid bilayer. Biophys. J. 85, 1647–1655 (2003).

45. Hedges, L. O. & Whitelam, S. Limit of validity of ostwald’s rule of stages
in a statistical mechanical model of crystallization. J. Chem. Phys. 135,
1649021–1649027 (2011).

46. Savage, J. R. et al. Entropy-driven crystal formation on highly strained
substrates. Proc. Natl Acad. Sci. USA 110, 9301–9304 (2013).

47. Mithen, J. P. & Sear, R. P. Computer simulation of epitaxial nucleation of a
crystal on a crystalline surface. J. Chem. Phys. 140, 0845041–08450411 (2014).

48. Hamm, L. M. et al. Reconciling disparate views of template-directed nucleation
through measurement of calcite nucleation kinetics and binding energies. Proc.
Natl Acad. Sci. USA 111, 1304–1309 (2014).

49. Pouget, E. M. et al. The initial stages of template-controlled CaCO3 formation
revealed by cryo-TEM. Science 323, 1455–1458 (2009).

50. Whitelam, S. Nonclassical assembly pathways of anisotropic particles. J. Phys.
Chem. 132, 1949011–1949015 (2010).

51. Whitelam, S. Control of pathways and yields of protein crystallization through
the interplay of nonspecific and specific attractions. Phys. Rev. Lett. 105,
0881021–0881024 (2010).

52. Horcas, I. et al. WSXM: A software for scanning probe microscopy and a tool
for nanotechnology. Rev. Sci. Instr. 78, 0137051–0137058 (2007).
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