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Addressing the stochasticity of nucleation: practical approaches
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Abstract: This chapter presents different practical ways to address nucleation stochasticity.
The methods use either statistical studies on spontaneous nucleation or local control of
nucleation. Techniques developed in our laboratory are described: droplet-based
microfluidics, micro-injectors in oil, external electrical or mechanical fields in confined
systems. Results of nucleation kinetics obtained on various molecules, are presented in terms
of metastable zone, critical supersaturation, nucleation rate, induction time, interfacial energy
of the critical nucleus. These practical approaches show considerable potential to increase
understanding and control of the nucleation mechanism.

Keywords : spontaneous nucleation, induced nucleation, microfluidics, confinement, external
fields.

1. Introduction

In crystallization of materials such as pharmaceuticals, proteins, or nanomaterials, the most
important properties are crystal morphology, habit, size distribution and phases. The control
of these properties demands an understanding of the mechanisms governing the successive
steps of nucleation and growth. Although a great deal is known about crystal growth,
considerably less is known about crystal nucleation because of the difficulty of directly
observing the nuclei. Indeed, the first nuclei are defined by Kashiev as randomly generated
nanoscopic new phases “that have the ability for irreversible overgrowth to macroscopic size”
[1]. Hence nucleation is a stochastic phenomenon and the probability of observing the first
nuclei is very low, for spatial and temporal reasons.

In this chapter we present practical ways of addressing the stochasticity of nucleation [2].
The first idea consists in performing many spontaneous nucleation experiments, and hoping
that the law of large numbers permits us to get a sharper picture of nucleation. Observation is
enhanced by reducing the volume of crystallization [3], and hence the number of crystals. The
techniques presented here are droplet-based microfluidics [4-9] and micro-injection in oil [10-
13]. The second idea consists in inducing nucleation where and when we choose controlling
nucleation, which is no longer spontaneous. In this case, the techniques combine confinement
of nucleation with localized external fields, such as electrical [14-15] and mechanical fields
[16].

The purpose of this chapter is to show what these techniques currently offer in terms of
nucleation kinetics measurements and detection of the critical nucleus. The main questions
are: what are the factors that influence nucleation and how they are revealed by these
techniques? Since we explore nucleation from a purely practical point of view, we do not
consider any a priori assumption on the nucleation mechanism. We will present practical
examples with mineral, organic anud biological molecules confirming that nucleation
mechanisms are identical for all molecules [17].
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2. Theoretical background
The following is a brief reminder of nucleation theory and experimental parameters,
introducing all the properties accessible with our technigues.

2.1 Critical nucleus

Until recently, solution nucleation has been described solely by the classical nucleation
theory (CNT), a theory derived from nucleation of droplets in the bulk of pure supersaturated
vapors [18]. It considers that once a cluster has reached a critical size, nucleation starts. Hence
the first nucleus is called the critical nucleus. In this model, the critical nucleus appears by
densification of molecules and nucleation of a solid phase at the same time. Therefore the
transition from the liquid phase to the solid phase is described by one order parameter, i.e.
density. According to CNT, the critical size r* is given by the Gibbs-Thomson equation:

w24y
= kTing equation (1)

With Q (m®) the volume of a molecule inside the crystal, y (J-m™2) the interfacial energy of
the critical nucleus, k the Boltzmann constant (J.K™), T the temperature (K) and B the
supersaturation (C/Cs). C is the concentration of the solute in solution and Cs the equilibrium
concentration. Hence, if >1, the crystal grows, if <1 the crystal dissolves, and if p=1
crystals and solution are at equilibrium.

While this theory has the advantage of simplicity, some discrepancies (in predicting
nucleation frequencies) have been observed with experiments [3, 19-22]. Consequently, a
more complicated two-step mechanism was proposed: first, formation of a dense phase of
clusters on the model of a liquid-liquid phase separation and second, organization of these
clusters into structured clusters [23-25]. This theory is based on two order parameters, density
and structure [26]. Subsequently, a third nucleation theory was proposed linked to
biomineralization, consisting of a nucleation via stable prenucleation clusters [27]. For
reviews see 28, 29. Concerning experimental discrepancies, different explanations are
proposed. For instance, Knezic et al. [30] suggested that macromolecules take longer to
rearrange themselves into crystalline nuclei than smaller molecules (this rearrangement step is
not directly taken into account in CNT). Hence, the limiting step, densification or
structuration, will depend on the solute.

It must be pointed out that experimental observations and interpretations are influenced by
the fact that the location, the nature and the lifetime of the dense phase and/or the critical
nucleus are currently unknown.

2.2. Nucleation kinetics

In this chapter we are looking at primary nucleation, i.e. the appearance of crystals in a
solution which contains no crystals of that phase. The nucleation kinetics is commonly
described by the nucleation rate J, which is the number of nuclei that form in the
supersaturated solution per unit of volume and per unit of time [1, 31-33]. Theoretically, the
nucleation rate J is determined by CNT derived from the Gibbs treatment of droplet
nucleation [18]. The general equation for primary nucleation is expressed as equation (2) [34]:
AG*

I= H‘]ew(kr

with Ky the kinetic factor (m™3-s™*) and AG* the activation free energy (J).

) equation (2)



CNT assumes a spherical form for the critical nucleus as mentioned by Fletcher [35]. In the
general case of heterogeneous or homogeneous nucleation, a constant shape for the cluster
(here spherical) is assumed, which depends on the possible presence of foreign substances:
foreign molecules or particles, bubbles, crystallizer walls, liquid—liquid or liquid—air
interfaces. Hence the value of AG* depends on surface interactions, which are taken into
account by introducing an effective interfacial energy yer Of the critical nucleus and J is given
by equation (3) [4]:
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2.3. Critical supersaturation

According to equation (3), there is a zone in the supersaturated region ($>1) where no
nucleation occurs for a given time in a given volume. This is the metastable zone [36], which
is delimited by the critical supersaturation (CS) for a given temperature or the temperature of
metastable zone (TMZ) for a given concentration (Fig. 1).
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Fig. 1 Phase diagram of supersaturation vs temperature, with the solubility curve (—) and the
metastable zone (-+«).

In the nucleation zone or zone of spontaneous nucleation, nucleation (i.e. the appearance of
crystals) is promoted; in the metastable zone, growth (i.e. the subsequent expansion of the
crystal) is promoted.

2.4. Experimental considerations
In practice, the two usual methods used to determine the nucleation rate J are:

- Measurement of the induction time, i.e. the time it takes to form a detectable amount of
the new crystalline phase after a given supersaturation  is established. However nuclei must
grow to a minimum size before they are observable; thus the induction time includes the
nucleation time and the time required for growth to a detectable size. The supersaturation
range over which the experiment can be performed is rather limited due to the metastable
zone. When B is too small heterogeneous nucleation may replace homogeneous nucleation.
When B is too large, induction times are difficult to measure because they are too short. In
practice, we are able to measure the induction time in the vicinity of the metastable zone limit



and we could reasonably assume that the growing period can be considered negligible
compared to the nucleation period.

- The Double Pulse Technique (DPT), which permits nucleation and growth to be
separated [37-39]. At the beginning of a run, the solution is loaded at a temperature chosen to
prevent nucleation of crystals. Then the temperature is lowered (respectively raised if the
solubility is reverse with T) to a selected T, at which nucleation occurs. After a period of At;
(nucleation time), the temperature is raised (respectively lowered if the solubility is reverse
with T) from the nucleation temperature T, to the growth temperature T, in the metastable
zone. At T, crystals already formed can grow to detectable dimensions. The nucleation rate,
at a given concentration C and temperature, is given by the variation of the amount of crystals
nucleated as a function of nucleation time.

3. Studying nucleation, an unpredictable phenomenon

As we have seen above, nucleation plays a fundamental role in the physical properties of
crystals. However the unpredictability of the spatial and temporal location of the critical
nucleus makes its study difficult. In this part we address the problem of the stochasticity of
nucleation in two ways: first by carrying out statistical studies on single crystals
spontaneously nucleated; second by inducing nucleation.

3.1. Statistical studies of spontaneous nucleation

For statistical studies, a large number of samples in the same condition are required. In
large volumes, it is difficult to accurately detect crystals as they are formed, so sample
volumes need to be limited. Therefore the idea is to reduce the volume of nucleation to the
nL-pL range. Hence the number of crystals nucleating and the zone of observation are
reduced, thus increasing the resolution of the detection. Moreover, this has the advantage of
decreasing the quantity of molecules while speeding up heat and mass transfer [40]. Volume
reduction to nL is realized using droplet-based microfluidics. Then pL-fL volumes are
obtained by micro-injection methods.

3.1.1. Nucleation in nanoliter droplets

Droplet-based microfluidics permits series of nanolilter droplets to be generated by
injecting the crystallization solution in a non-miscible continuous phase and without using
surfactant. Droplets are mono-dispersed (in size, composition, frequency) nano-crystallizers
isolated from each other and in which crystallization can occur independently. Hundreds of
droplets can be generated per condition, leading to a large number of samples for statistical
studies, while consuming only small quantities of material.

- Microfluidic devices: (i) molded in PDMS and adapted from Salmon [41-43] and (ii)
composed of Teflon tubing with junctions in PEEK (Fig. 2a-b). The continuous phase is
silicone or fluorinated oil according to the solvent of crystallization (discontinuous phase).
The crystallization solvent is water in PDMS systems. This microfluidic system thus becomes
compatible with almost all solvents, since Teflon tubing is used instead of PDMS chips (Fig.
2¢). Crystals of various organic molecules obtained in aqueous and organic solvents are
presented in figs 2d-2h [6].



CRYTALLIZING
SOLUTION

OIL " S » DROPLETS

(O)

Fig. 2 (a) Photo and (b) scheme of a T-junction made of PEEK; (c) Photo of isolated droplets
of 60nL volume of crystallization solution separated by fluorinated oil in Teflon tubing of
500um diameter, (d) Lysozyme crystals in aqueous droplets, (e) Rasburicase crystal in a
viscous medium, (f) Caffeine crystals in ethanol droplets, (g) Isonicotinamide crystal in an
ethanol droplet and (h) Isonicotinamide crystals in nitrobenzene droplets in Teflon tubing of
500um diameter [6]. Copyright 2012 American Chemical Society.

The microfluidic set-up [7] in Fig. 3 allows us to determine the properties of nucleation
described above theoretically: metastable zone width, nucleation rate J, effective interfacial

energy yer Of the critical nucleus and polymorphism.

Fig. 3 The microfluidique set-up: (1) and (2) Thermostatted Syringe-pumps, (3) T-junction,
(4) Thermostatted sample-holder, (5) Camera + Zoom on XYZ stage.



- Metastable zone width: evaluated from measurements of the temperature of the
metastable zone (TMZ) illustrated in Fig. 1. This is the maximum temperature above which
the supersaturated solution does not lose its metastability over a given time [36]. For a given
concentration, TMZ is determined by storing solutions at given temperatures for a given time
(here 20h). During this time if T<TMZ, crystals nucleate and if T>STMZ, no crystal appears.
Hence TMZ at which there is no crystal is extrapolated (interpolation) from a plot of the
average number of crystals versus temperature. Moreover a rapid screening of the solubility
diagram (black curve of Fig. 4) can be carried out as shown by Laval et al [41-42].
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Fig. 4 Metastable zone [5] (- - -) and solubility curve [44] (----) of tetragonal lysozyme (0.7M
NaCl, pH=4.5), lines improve legibility. Points (x) and (O) indicate nucleation and growth
conditions, respectively. Copyright 2011 American Chemical Society.

- Nucleation rate: determined by using the Double Pulse Technique (DPT), based on
the phase diagram of figure 4. Crystals are nucleated at a Tnycleation OUtSIde the metastable
zone (below TMZ) and for a given nucleation time At; then, the crystal are stored at Tgrowth IN
the metastable zone, where the crystals already formed grow to detectable dimensions and are
counted. From the variation of the average number of crystals nucleated as a function of At,
the steady-state primary nucleation rate J is determined for given temperature and
concentration. Our results obtained in nucleation volumes of 250nL of lysozyme are
summarized in Fig. 5.
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Fig. 5 Lysozyme nucleation rate vs supersaturation, (M) data from our study at 20°C [5] and
(CJ) data from Galkin and Vekilov, at 12.6°C [21-22]. Copyright 2011 American Chemical
Society.



As shown in Fig. 5, our Kkinetic data are in good agreement with the data of Galkin and
Vekilov [21-22] obtained for the same NaCl concentration at 12.6°C, using droplets of 1uL
suspended in Teflon wells. Moreover, the supersaturation range experimentally accessible
when reducing the volume of nucleation to the nL-pL range is increased for kinetic [5] and
thermodynamic [14] reasons (see part 3.2.).

- Effective interfacial energy st computed from eq.3 shows that primary nucleation is not
influenced by the container material (Fig. 5). Indeed, the oil creates a "containerless”
environment, as pointed out by Chayen [45]. However, y.sdetermined in fluorinated oil and in
silicone oil (Tab. 1) demonstrate the influence of the droplet-oil interface in droplet-based
microfluidics [4].

lldefonso etal.® | Vekilov group”“ | Ildefonsoetal.® | Fraden group®
device PDMS Teflon wells Teflon PDMS
oil silicone silicone fluorinated fluorinated
ver(MIM?)|  0.62 (0.13) 0.56 0.88 (0.05) 0.91

Tab. 1 Effective interfacial energy vyer of the critical nucleus determined for oils of different
chemical natures, by different authors. The deviation in absolute is given in parentheses;
errors are not available in 21, 22 and 46.

- Polymorphism: droplet-based microfluidics is adapted for detection of new phases for
statistical reasons. For instance, different polymorphs can nucleate, the most stable polymorph
corresponding to the minimal free energy of the system. Moreover, according to Ostwald’s
rule of states [47], a chemical system does not tend directly towards the most stable state, but
rather tends towards the closest metastable state. Hence performing many spontaneous
nucleation experiments increase the probability of observing an event. In the case of
lysozyme, we observed a metastable phase, the sea urchin-like phase, in 6 droplets out of 237
(Fig. 6) [8]. It was already known [48-49], but is not easy to observe in mL crystallizers.
Moreover, because of mononuclear nucleation, the nucleated crystal of the metastable phase
cannot easily follow a solution-mediated phase transition to a more stable phase. Thus small
volumes of droplets seem to ‘‘freeze’” the metastable phase [50]. Lastly, the higher
supersaturations reached in microfluidics due to volume reduction increase the probability of
nucleating a metastable phase [51].

Fig. 6 Droplets of lysozyme solutions (20 mg/mL, 0.7 M NaCl-pH4.5) in Teflon tubing of
500um diameter, observed at 20°C after storage for 20h at 6°C: the tetragonal form top left
and the sea urchin-like form bottom right [8].



In screening the crystallization conditions of rasburicase, the same experimental conditions
produce different crystal habits and phases. Moreover, the two polymorphs known for
rasburicase [52] appear simultaneously in droplets (Fig. 7) [9]. This concomitant nucleation
occurs mainly because the difference between their solubilities is weak.

DI )

Fig. 7 Photos of crystals of rasburicase obtained in 65nL droplets: each line corresponds to
the same crystallization conditions (a) 10% PEG, 10ug/uL rasburicase, at 5°C. (b) 10% PEG,
10pg/uL rasburicase, at 20°C. (c) 5% PEG, 10pg/pl rasburicase, at 5°C. (d) 7.5% PEG,
5ug/uL rasburicase, at 5°C. (e) 7.5% de PEG, 5ug/uL rasburicase, at 20°C [9]. Copyright
2015 American Chemical Society (paper submitted).

Fig. 6 and 7 highlight the importance of performing statistical studies through a large
number of experiments per condition because of the stochasticity of nucleation. Statistically
each crystallization condition should be tested from 50 to 100 times in order to decide
whether the result (obtaining crystals, targeted polymorph(s)) is positive or negative. This is
the main problem with the conventional crystallization robots, where typically a few hundred
different conditions are tested only 1 to 5 times each, leading often to non-reproducible
results.

To summarize, droplet-based microfluidics is an accurate method for studying nucleation
kinetics due to statistical approach, exploring one experimental condition in hundreds of
identical droplets. Moreover, as droplet volumes are nanoliter, this statistical approach
requires only a few milligrams of molecules.

3.1.2. Nucleation in picoliter to femtoliter droplets

Small-droplet generation with micro-pipets or micro-injectors renders micro-droplets
accessible, and makes the size range easier to control compared to microfluidics, which is
limited by channel size (hardware limitation). However, statistical analysis cannot be carried
out with single micro-droplet injection [40, 53-54].



- The fluidic device developed in our laboratory [10] (Fig. 8a) generates arrayed aqueous
phase micro-droplets through a layer of inert oil (sessile geometry), without using surfactant.
Up to thousands of micro-droplets can be generated, with volumes ranging from nanoliter to
femtoliter (Fig. 8b), thus allowing statistical studies of nucleation.

(@) (b)

Fig. 8 (a) The micro-injector in oil set-up: (1) injector, (2) glass micropipette, (3) XYZ
miniature translation stages for injector and (4) microscope; (b) Array of monodisperse water
droplets with volumes ranging from nanoliter to femtoliter [10]. (a) Copyright 2010 Elsevier
and (b) with permission from [10]. Copyright 2011 AIP Publishing LLC

- The droplet-contraction method is used to generate supersaturation and thus to create
crystals, as we can see with picoliter droplets of NaCl solution in Fig. 9a [16]. Indeed, at this
scale, droplets slowly evaporate, linearly decreasing the volume (Fig. 9b) [11]. Hence the
concentration, which is given by the refractive index [12], increases until it exceeds the
critical supersaturation, i.e. the supersaturation required to nucleate a new phase [55]. Then
single crystals nucleate (Fig. 9c).

(a)

(b)

c)
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Fig. 9 (a) Array of droplets (~300pL) of NaCl solutions at $=0.1 generated through a layer of
inert DMS oil. (b) Contraction of droplets due to evaporation of aqueous phase in oil. (c)
Nucleation of single crystals in every droplet [16].



- The induction time can be measured with the droplet-contraction method because the
growth rate is so fast that the time required for the newly-formed nuclei to grow to a
detectable size is negligible with regard to the induction time [13]. Thus, the time when a
detectable crystal is observed can be considered as the induction time. Moreover, the smaller

the volume, the faster the evaporation rate and the faster the nucleation (Fig. 10) [16].
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Fig. 10 Nucleation probability P(t) vs time. P(t) represent the normalized fraction of nucleated
microdroplets for droplet diameters of (M) 104pL, (@) 172pL and (®) 284pL [16].

Reproduced from Ref [16] with permission from The Royal Society of Chemistry

To summarize, this technique of droplet micro-injection in oil combines the advantage of
channeled microfluidic techniques, generating thousands of droplets, with the advantage of
micropipette techniques: control over size, micro-droplet accessibility and contraction of
droplets in oil to increase supersaturation. Both of these techniques involve easy-to-build
devices and are easy to use. Moreover, it must be noted that they require no surfactant that

might affect crystallization.

3.2. Influence of volume on nucleation

Reducing the volume of crystallization raises several questions: How do kinetic parameters
such as the metastable zone and the critical supersaturation vary? Does CNT, which supposes
an infinite reservoir of molecules, i.e. a constant supersaturation during the nucleation event,
remain valid in small volumes? What are the limitations of small volumes and how small?

- A kinetic limitation in small volumes arises from nucleation rate J (number of nucleus
per unit of volume and per unit of time). J is an intensive property (does not vary with
volume). However J is inversely proportional to volume and proportional to induction time.
Hence the smaller the volume, the longer the induction time. For instance, an induction time

of 1s in a volume of 1mL becomes 11 days in a volume of 1nL.
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- A thermodynamic limitation appears because the critical size and energy barrier required
for nucleation increase when the crystallization volume decreases [56]. When the volume
decreases, the concentration in solution can no longer be considered constant during the
nucleation process but is decreasing. In practice, this means that the reservoir of molecules is
finite, in contradiction with CNT. Hence the critical supersaturation, where no nucleation can
occur, increases with confinement (Fig. 11), widening the metastable zone [13, 56]. Thus
“scale-down” requires creation of sufficient supersaturation within each droplet to ensure
nucleation, with a risk of unwanted nucleation before droplet formation. In practice there is a
“thermodynamic” influence of volume on nucleation from picoliter range down.
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Fig. 11 Critical supersaturation (below which no nucleation can occur) vs droplet size, the
red curve for a single nucleation event and the blue curve for a second event: (a) for lysozyme
in NaCl solution [56]; (b) for NaCl [13]. (a) Copyright 2009 American Chemical Society and
(b) Copyright 2010 Elsevier

To summarize, two effects occur depending on droplet volume: 1) for nL range droplets, a
kinetic effect increases the induction time; 2) for pL-fL range droplets, the same kinetic effect
is accompanied by a thermodynamic effect. In both cases these effects widen the metastable
zone, hence requiring higher supersaturation for nucleation. However these effects stabilize
high-supersaturated solutions, permitting critical clusters and nucleation to be controlled.
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3.3. Predictive study of induced nucleation

Nucleation can even be induced in the metastable zone, thus becoming predictive. In other
words, we determine where and when it will occur. Nucleation is induced using an external
field, the implications of which were highlighted by Voss [57], Oxtoby [58] and Revalor [59].
Two effects on the supersaturated solution are expected: molecular orientation and density
fluctuation. As a general rule, any disturbance triggers nucleation once a highly-
supersaturated metastable state has been achieved [60]. First, localization in time is achieved
by triggering nucleation in a metastable solution with a localized mechanical contact or a
localized electrical field. Then localization in space is achieved by either confining the
nucleation volume or by controlling fluxes in non-convective gel medium.

3.3.1. Mechanical action and confinement by volume

- Coupling a mechanical action using a sharp tip with volume confinement by micro-
injector triggers nucleation, as previously shown. A structural transformation is thereby
induced in a dense supersaturated droplet at precisely determined points and times (Fig. 12).
Then the crystal grows at a rate greater than 200um/s for the first 20ms [16].

t=130ms

t=680ms

Fig. 12 Time sequence showing nucleation induced by a sharp tip touching a 95pL droplet of
NaCl (p>1.24) and growth of NaCl in paraffin oil: (a) to (b) nucleation in less than 5ms, (c) to
(i) growth [16]. Reproduced from Ref [16] with permission from The Royal Society of
Chemistry

- The induction time is shorter than 5ms, corresponding to the time between tip contact
and observation of nucleation (Fig. 12a-b). However the droplet is repeatedly tapped with the
tip during the generation of supersaturation by water diffusion in order to launch nucleation.
The crystal nucleated is rough and transition to a facetted crystal is observed in less than 1s,
i.e. the transition between the nucleation form and the equilibrium form. In practice, the tip
position being controlled with micromanipulators, the position of the critical nucleus can be
determined with an accuracy of 16nm.
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- This method is suitable for a binary crystallization medium, with a solute and a solvent.
The solute concentrates during droplet contraction and reaches high supersaturation. Then the
solute nucleates due to the mechanical action. When the crystallization medium is ternary
containing a solvent, a solute and a crystallization agent, e.g. protein crystallization, both
solute and crystallization agent concentrate during droplet contraction and reach high
supersaturation. Hence for kinetic reasons [61], the crystallization agent often nucleates first,
before solute nucleation. Therefore, supersaturation must be achieved via a method other than
droplet contraction.

3.3.2. Electrical field and confinement by gel

- Coupling a localized electric field generated by a sharp-tip electrode with a gel
eliminating convection in a supersaturated metastable solution increases supersaturation at
the tip apex and induces nucleation. A large electrical field [62] and large field gradients are
created near the tip at low DC voltage, due to its nanometer size (Fig. 13).

CIM=HM 1SKELU =1. A m m

(a) (b)

Fig. 13 (a) Temperature-controlled crystallization cell with 2 micromanipulators and (b) SEM
image of a W-tip [2]. Reproduced from Ref [16] with permission from The Royal Society of
Chemistry

The electrical field induces high current density inside the solution close to the region of
high curvature [14]. The resulting flux accumulates molecules at a precise point in the vicinity
of the tip apex [15] and the concentration gradient in solution tends to be counteracted by
convection. However, the solution being in a gel, convection is eliminated and the
confinement is kept in the vicinity of the tip until the critical supersaturation is reached. Then
the crystal nucleates near the electrode tip [16].

- Induction time is measured by optical observation and by the evolution of the current in the

solution. An example of nucleation induction in a supersaturated metastable solution of
lysozyme in agarose gel is shown in Fig. 14.

13



t=600s (@) t=1200s (b) t=1800s (c)
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¥ i

Fig. 14 Time sequence in a supersaturated metastable solution of lysozyme 20mg/mL (NaCl
0.7M). Nucleation is induced by an external localized electric field with a sharp-tip electrode
and in agarose gel 1% gel [16]. Reproduced from Ref [16] with permission from The Royal
Society of Chemistry

The optical observation of nucleation gives an induction time shorter than 600s. The
nucleated crystal is rough, due to high local supersaturation encountered during nucleation
and growth. Growth rate (between 600 and 10800s) is 15um/h in agreement with the growth
rate obtained by Durbin et al. [63] at high supersaturation for lysozyme. Compared to optical
determination of the induction time, the measures of the current during the experiment are
clearly more sensitive (Fig. 15) [16]. Indeed the induction time is given by the modification in
the slope at 300s.
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Fig. 15 Evolution of current over time during the experiment, semi-log scale. Line is a guide
for the eye. Reproduced from Ref [16] with permission from The Royal Society of Chemistry

To summarize, these techniques of inducing nucleation with fluxes confer a predictive
nature on nucleation. Thus the nucleation mechanism can be studied directly on one crystal.
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4. Conclusion

Faced with the stochasticity of nucleation, different experimental approaches have been
developed to study nucleation. In the first approach, nucleation is allowed to proceed
spontaneously and the stochastic nature of results is addressed by statistical studies. Thus the
volume is reduced to droplets of nL to fL volume that are generated in large numbers.
Droplet-based microfluidics and micro-injectors in oil are used. These are compatible with
many solvents and involve easy-to-use and material-saving techniques. In the second
approach, nucleation is controlled by external electrical or mechanical fields in confined
systems. Hence nucleation becomes predictive, triggering nucleation for molecules that are
not easy to crystallize, nucleating one crystal per crystallizer and localizing nucleation in
space and in time for measurements on the critical nucleus.

All of these methods approach nucleation kinetics through the induction time or the
nucleation rate. Moreover, factors affecting the nucleation process (confinement, complexity
of solution) are brought to light. These practical approaches show considerable potential to
increase understanding and control of the nucleation mechanism.
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