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Formulation of hydrophobic drugs as amorphous materials is highly advantageous as this increases their solubility in water
and therefore their bioavailability. However, many drugs have a high propensity to crystallize during production and

storage, limiting the usefulness of amorphous drugs. We study the crystallization of undercooled liquid fenofibrate, a

www.rsc.org/

model hydrophobic drug. Nucleation is the rate-limiting step; once seeded with a fenofibrate crystal, the crystal rapidly

grows by consuming the undercooled liquid fenofibrate. Crystal growth is limited by the incorporation of molecules into its

surface. As nucleation and growth both entail incorporation of molecules into the surface, this process likely also limits the

formation of nuclei and thus the crystallization of undercooled liquid fenofibrate, contributing to the good stability of

undercooled liquid fenofibrate against crystallization.

Introduction

The bioavailability of hydrophobic drugs is often limited by their
poor water solubility; this can severely reduce their effectiveness as
medication.” The effectiveness of such drugs strongly increases if
they are formulated as amorphous materials, as the amorphous
phase has a higher free energy and thus a higher solubility; hence, it
dissolves faster and in larger quantities than the crystal.z‘ 3
However, it is difficult to make drugs amorphous as many of them
have a high propensity to crystallize.4 To overcome this difficulty,
large quantities of crystallization-inhibiting polymers can be added.?
Although drugs can be made amorphous, their use is still very
limited as it is even more difficult to prevent crystallization during
storage; this is especially the case if drugs are kept at temperatures
close to their glass transition temperature, Ty, as many drugs are.
This spontaneous phase transformation occurs even if they are
stabilized with crystallization-inhibiting polymers;7 it uncontrollably
changes the bioavailability and limits the utility of amorphous
drugs. A qualitative improvement of the stability of amorphous
drugs requires a better understanding of the most important
parameters that drive crystallization. This understanding is difficult
to obtain, as the crystallization of amorphous drugs, formulated in
the presence of polymeric additives, strongly depends on the
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additive itself.” It is much easier to gain this understanding from
additive-free amorphous drugs; such drugs can be conveniently
produced using a microfluidic nebulator.® However, studies on the
crystallization of pure amorphous drugs remain rare.

In this paper, we study the crystallization of undercooled liquid
fenofibrate, a hydrophobic model drug. Even though its
crystallization is limited by nucleation, both the nucleation and
growth processes entail the incorporation of solute molecules into
crystalline surfaces; hence, their rates are influenced by similar
kinetic parameters. We study crystal growth since this process is
easier to visualize; it is diffusion-limited and thus strongly
temperature-dependent. However, diffusion only accounts for the
frequency with which molecules impinge on a surface; it does not
account for the probability of impinging molecules to insert
themselves into the crystal. This probability is very low for
fenofibrate, an anisotropic molecule, and slows down the crystal
growth by more than two orders of magnitude under the conditions
of these experiments.

Results and discussion

We fabricate the nebulator from poly(dimethyl siloxane) (PDMS)
using soft Iithography.9 It contains two inlets for liquids and six
inlets for air. Liquid is injected into the main channel before the first
pair of air inlets intersects the main channel at an angle of 135°. The
air pushes ethanol towards the four channel walls, forming thin
ethanol films that flow along these walls while the air flows through
the center of the channel. The subsequent air inlets intersect the
main channel at an angle of 45°, as shown in Figure S1; the air
inserted through these inlets accelerates the air in the main
channel, thereby thinning the ethanol films. The last junction is
three-dimensional (3D)10 to push the ethanol films away from all
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four walls of the last part of the main channel, thereby breaking the
ethanol films into very small drops that rapidly dry.8

We use fenofibrate as a hydrophobic model drug; amorphous
fenofibrate is an undercooled liquid at room temperature since it
has a glass transition temperature, T, of —20°C” and a melting
temperature, T,,, of 80°C.™ We dissolve fenofibrate in ethanol at 5
mg/ml, and inject the solution through one liquid inlet at 1 mi/h
using syringe pumps; we block the second liquid inlet to avoid
leakage of the liquid and the air. We introduce air by applying 0.28
MPa to all the air inlets and collect the spray dried undercooled
liquid drops 15 cm apart from the nozzle on a flat substrate.?

The nebulator produces amorphous undercooled liquid fenofibrate
drops with diameters as small as 14 nm;* the volume of a single
drop is as low as 10! I. However, as amorphous fenofibrate is an
undercooled liquid at room temperature, drops coalesce as soon as
they come in contact with each other. The larger volume of the
resulting coalesced drops increases the probability for a crystal
nucleus to form in each drop.13 Remarkably, even if we coalesce
sufficient drops to form a drop as large as 600 pl, fenofibrate
remains amorphous for at least 5 days if stored at room
temperature under ambient conditions. However, once seeded with
a crystal nucleus of a diameter between 35 pum and 70 um, three
dimensional crystals grow very rapidly by consuming some of the
amorphous phase; it takes less than a minute to grow dendritic
crystals several 100 um in size, as shown in time-lapse optical
micrographs in Figures 1a-d, indicating that nucleation is the rate-
limiting step in the crystallization process.
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Figure 1: (a-d) Time-lapse confocal microscopy images of
undercooled liquid fenofibrate seeded with a fenofibrate crystal at
(a) 293 K, (b) 303 K, (c) 313 K, and (d) 323 K. The time after contact
of the crystalline nucleus with the undercooled liquid fenofibrate
drop is indicated in the insets. (e) The maximum growth rate of the
dendrite tip as a function of the temperature at which the
undercooled liquid is crystallized. (f) The probability for fenofibrate
molecules to insert themselves into the surface, f, is shown as a
function of the undercooling, AT.
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The formation of crystal nuclei is difficult to study quantitatively.
However, nucleation involves the incorporation of solute molecules
into a crystal surface; the same process also occurs during crystal
growth, which is much easier to access experimentally. Thus, we
estimate the temperature-dependent rate at which molecules are
incorporated into the crystal surface by quantifying the growth
kinetics of the dendrite tips. We measure the distance dendrite tips
grow per unit as a function of the temperature, T, using time-lapse
optical micrographs and calculate the dendrite growth velocity.
During the early and intermediate stages of the crystal growth the
growth rate is, within experimental error, constant. By contrast, the
growth rate continuously decreases during the final stages of crystal
growth. Hence, we only quantify the growth rate during the early
and intermediate stages. As we increase the temperature, the
undercooling AT = T,,, — T decreases; here T,, is the melting
temperature of fenofibrate; this reduces the driving force for crystal
growth.13 Despite the reduced driving force, crystals grow faster
with increasing temperature, as shown in Figure 1e.

The increasing growth rate of crystals with increasing temperature
indicates that crystal growth is diffusion-limited. Factors limiting the
growth rate of fenofibrate crystals must thus include the jump
frequency of the molecule from the liquid to the crystal, k, and the
probability that impacting molecules are incorporated into the
surface, which is described by the site factor, f. The diffusional

. 6D e -
jump frequency k = = depends on the diffusion coefficient, D, as

well as the jump distance, A, which we take as the longest
dimension of a fenofibrate molecule, 1.5 nm;14 it is independent of
the mechanism by which crystals grow.

To investigate the growth mechanism, we determine the
temperature-dependence of f. We describe the growth velocity as

v=kfA(1—exp (— kAT”T)); here, Au is the difference in the

chemical potential of a molecule in the crystal and in the

undercooled liquid, kg the Boltzmann constant, and T the absolute

AH,, AT .
LN as a function of the

miVAv

undercooling using the latent heat of fenofibrate, AH,,, =
28.8 kJ/mol, and its melting temperature, T,;, = 80°C, which we
determine with differential scanning calorimetry (DSC) (Figure 2);

here Ny, is Avogadro’s number. In addition, we quantify the
6D _ 2kgT

diffusional jump frequency k = 2 s
relation for the last equality and the temperature-dependent values
for the viscosity of fenofibrate, r].4 We subsequently calculate f as a
function of temperature. At room temperature, the site factor is as
low as 0.01 and further decreases with increasing temperature, as
shown in Figure 1f. These small values slow down crystal growth.
Moreover, the increase in f with increasing undercooling, AT,
suggests that the crystal growth is limited by the layer nucleation

on the crystal face, as detailed in the supporting information.

temperature. We calculate Ay =

using the Stokes-Einstein

The key parameter in the nucleation of a crystal is the ledge energy,
Y1e, associated with the side surface of the layer nucleus.” To

2 1
compute y;,, we express the site factor as f = (Azn;)ifl;i:g; here
ng is the surface concentration of critical layer nuclei, f; is the site
factor for the ledge of a layer, and i; the number of molecules
along the edge of a critical layer nucleus. The site factor for a ledge
is typically much larger than that for a surface since ledges are
usually rough;15 we thus take f; = 1. The number of molecules in a
critical layer nucleus is small and we approximate iy = 1. We
confirm the accuracy of this assumption by determining the size of

This journal is © The Royal Society of Chemistry 20xx
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the critical nucleus after we have calculated the ledge energy. The
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Figure 2: Differential scanning calorimetry (DSC) traces of spray
dried undercooled liquid fenofibrate drops with a diameter of 14
nm. Traces were acquired (1) 0d, (2) 4 d, and (3) 8 d after
preparation. Samples are stored in an aluminum DSC pan under
ambient conditions. (4) Reference spectrum of bulk fenofibrate.

70

2
" . A
depends on the work for these critical nuclei to form, wy = n—zle .
Hy

This work is a balance between the energy per unit length required
to form a ledge, ¥, and the energy gained by forming a crystal. The
gained energy is equal to the difference in the chemical potential

. A =
per unit volume, Ay, = ?”; here V is the molecular volume of
fenofibrate. Thus, we approximate the interfacial site factor as
f=exp(— 3:—5T). Using the values of f, shown in Figure 1f, we
B

calculate the ledge energy to be y;, = 14 mJ/m?2. Indeed, this
value is nearly independent of the temperature, despite the
temperature-dependence of f and 4y, as shown in the supporting
information, supporting the validity of the layer nucleation
mechanism.

As crystallization of fenofibrate is limited by the nucleation of a
crystal, the stability of amorphous fenofibrate strongly depends on
the rate at which stable crystal nuclei form. We experimentally
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1
m:
here V; is the volume of a drop and At the time it takes for a drop
to crystallize. We spray dry undercooled liquid fenofibrate drops
with different volumes and measure the time it takes them to
crystallize. Well-separated drops as small as 10! I remain liquid for
more than 7 months if stored at room temperature.8 If we increase
the volume of the drops to 0.1 — 1 pl, they show no sign of
crystallinity after 1 day storage in an aluminum DSC pan, as
indicated by the absence of any melting peaks in DSC trace 1 of
Figure 2. However, they do start to crystallize within 4 days, as
indicated by the melting peak in trace 2 of Figure 2. Even more of
these drops spontaneously crystallize after having been stored for 8
days, as indicated by the larger melting peak in trace 3 in Figure 2. If
we increase the volume of drops by 11 orders of magnitude to V,; =
600 pl, they only remain liquid for approximately At = 5 days. Thus,

determine an upper limit of the crystal nucleation rate, I <

) 1 3
we obtain | < — ~ 3.8X 10°m~3s~1 at room temperature.
d

A crystal nucleus becomes supercritical and thus stable when the
energy gained from adding an additional molecule Ay, is higher
than the energy needed to create additional crystal-melt interface;
the energy of this additional crystal-melt interface per unit area is

. . S 2
y. For a spherical nucleus, the critical radius is r* = Ay .To

v

determine r*, we use the classical nucleation theory to describe the

nucleation rate [ = fknZexp(— %); here, n is the number of
B

molecules per unit volume, Z the Zeldovich factor, and w* =
16 y3
3 m)?
of fenofibrate, we get n = 2x10%7 m3s~1. Taking the lower limit of
zZ = 0.01,13 the measured values for f and 4y, and the calculated
values for k, we estimate a lower limit fory = 15 m]/mz; this
value is close to that of the ledge energy y;,. At room temperature,
this surface energy results in a radius of a critical nucleus of
approximately 1.8 nm; such a nucleus contains approximately 26
fenofibrate molecules.* Despite of the small size of the critical
crystal nucleus, it takes time for them for such nuclei to form, as the
probability for fenofibrate molecules to incorporate in a crystal, f,
is very low.

the work to form a spherical nucleus.” From the density

Once the crystal growth is complete, a particle of radius 7, is

formed whose chemical potential differs from that of the bulk by

Au = ZV:V; here y, is the crystal free energy. Since the surface
energy of the liquid, y;, is usually lower than that of the crystal, y,,

§o0 00z o004
d” (nm")

Figure 3: (a-d) Scanning electron micrographs of undercooled liquid fenofibrate drops spray dried by applying (a) 0.28 MPa, (b) 0.24 MPa,
(c) 0.21 MPa, and (d) 0.17 MPa to the inlets of the microfluidic nebulator. (e) Size-dependent melting point of fenofibrate. The slope of the
linear fit through the origin allows calculation of Ay, the difference of the surface energies between the free surfaces at the liquid and

crystalline phase.
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the melting temperature is shifted, according to the Gibbs-

_ 2AyVT,

Thompson relation AT =Ty, p — T p = F’"; here T,  is the

melting point of the bulk, T, that of the particle, and Ay =y, —
Y- We spray dry particles with a narrow size distribution, having
diameters between 20 nm and 25 nm by controlling the pressure
applied to the air inlets of the nebulator.® We measure their sizes
from scanning electron microscopy (SEM) images, as shown in
Figures 3a-d, quantify AT using differential scanning calorimetry
(DSC),8 and plot AT as a function of the inverse particle diameter.
Indeed, the melting point depression increases with decreasing
particle size, as shown in Figure 3e. We perform a linear fit of the
data through the origin to obtain the difference between the
surface energy of the crystal and the liquid Ay = 4.5 mJ/m?, a
plausible value.

Conclusions

The crystallization of undercooled liquid fenofibrate is limited by
nucleation. Even though we only show that the incorporation
probability of molecules arriving at the surface is the rate-limiting
step of the crystal growth, we expect the same parameter also to
limit the nucleation as both processes, nucleation and growth,
entail the incorporation of molecules into a crystal surface. Thus,
the low insertion probability of fenofibrate molecules into the
crystal slows down the nucleation of crystals, thereby enhancing
the stability of the undercooled liquid. This is a contributing reason
why undercooled liquid fenofibrate does not instantaneously
crystallize and, if compartmentalized into small drops, displays an
unprecedented stability against crystallization.
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