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A B S T R A C T

Increasing the dissolution kinetics of low aqueous soluble drugs is one of the main priorities in drug formula-
tion. New strategies must be developed, which should consider the two main dissolution mechanisms: sur-
face reaction and diffusion.
One promising tool is the so-called solid crystal suspension, a solid dispersion consisting of purely crystalline
substances. In this concept, reducing the drug particle size and embedding the particles in a hydrophilic
excipient increases the dissolution kinetics. Therefore, a solid crystal suspension containing submicron drug
particles was produced via a modified stirred media milling process. A geometrical phase-field approach was
used to model the dissolution behavior of the drug particles.
A carrier material, xylitol, and the model drug substance, griseofulvin, were ground in a pearl mill. The in-
vitro dissolution profile of the product was modeled to gain a deep physical understanding of the dissolution
process. The used numerical tool has the potential to be a valuable approach for predicting the dissolution
behavior of newly developed formulation strategies.
© 2024 The Authors. Published by Elsevier Inc. on behalf of American Pharmacists Association. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Introduction

Many newly developed drug substances suffer from low aqueous
solubility, but their advantages have forced the pharmaceutical
industry to develop new formulation concepts to overcome the solu-
bility issues.1 Therefore, classification of those substances based on
their solubility and permeability was proposed by Amidon et al.2 Cur-
rently, the influence of starting material characteristics like powder
flowability and particle size and shape on formulation strategies for
oral administration is discussed.3

Several extension models based on Fick’s law4 of diffusion have
been derived to describe the dissolution behavior of drug substances.
In addition to the dissolution from a flat surface5 or a spherical parti-
cle,6 the diffusion of an API from an ointment into the skin has been
also described mathematically.7 A comparatively new approach
accounts for surface reaction effects in drug substance dissolution
behavior.8,9 In the literature, phase-field simulations have been used
as a numerical tool to model the mass transfer behavior of substances
capturing both surface reaction and diffusion kinetics.10−12

In addition to changing the crystal habit, poly- or pseudopoly-
morphs, complex compounds and surfactants, a promising tool to
increase the solubility as well as the dissolution rate of APIs in water
is solid dispersions.13,14 The dispersion of crystalline drug particles in
a crystalline matrix is called a solid crystal suspension (SCS), and
symmetric sugar-alcohol molecules have been identified as particu-
larly effective carriers.15 This crystalline mixture, in which no molec-
ular interaction between drug and excipient takes place, exhibits
inherent storage stability and has enabled a further field of applica-
tion in solid dosage formulation. According to the Nernst-Brunner
law,16,17 a decrease in particle size increases the dissolution rate of a
substance. In solid crystal suspensions, this effect is enhanced by
improved wettability18 caused by the dissolving excipient. While
already published production processes like cogrinding19 and hot
melt extrusion20 are indeed robust processes, comminution of the
crystalline API particles into the submicron region is only condition-
ally possible.

One advantage of submicron particles is a further increase of the
dissolution rate due to the ratio between surface tension and curva-
ture of particles according to Ostwald-Freundlich.21,22 Often used
top-down manufacturing methods in pharmaceutical literature are
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high-pressure homogenization23,24 and stirred media milling for sub-
micron particle production.25,26 The aim of this work was to use a
geometrical phase-field approach27 to model the dissolution behav-
ior of a solid crystal suspension containing submicron drug particles.
Therefore, the established process of stirred media milling was modi-
fied to grind API particles directly in a sugar alcohol melt down to the
submicron region (see Fig. 1).

The results of the subsequently performed dissolution experi-
ments with the melt-milled SCS were modelled with a phase-field
simulation in order to elucidate the drug-release mechanisms.

Materials and methods

Materials

In this study, micronized griseofulvin (Hawkins, Roseville, USA)
with a median particle diameter of 15mm was used as a model drug
substance, and the sugar alcohol, xylitol (Xylisorb, Roquette, Lestem,
France), was used as the carrier excipient due to its low melting tem-
perature »92 °C, and its hydrophilic properties. Deionized water
served as the solvent in all dissolution experiments, and sodium
dodecyl sulfate was used as an additive in the particle size measure-
ments to prevent agglomeration.

Meltmilling

A pearl mill (Rheosyst 1000, Coesfeld, Germany) was used to set
up the melt-milling experiments with a specific energy of 1.5 MJ¢kg-
1. The glass milling chamber was heated in an oil bath up to 120 °C.
1mm zirconia beads (Fritsch, Idar-Oberstein, Germany) were used as
grinding media where the milling chamber was filled up to 90 % of its
capacity. A physical mixture of xylitol and 10 % (w/w) griseofulvin
was heated up to 120 °C to melt the xylitol. The griseofulvin remained
crystalline and was suspended in the xylitol melt. This system was
treated in the pearl mill for 8 hr at 800 rpm. A 500mm sieve was
used to extract the grinding media from the produced SCS.

Particle size measurements

The sphere-equivalent particle sizes were determined using a
laser diffraction particle size analyzer (Mastersizer 3000, Malvern
Panalytical, Malvern, United Kingdom). A dispersion agent of 1 %
Fig. 1. Schematic drawing of the melt-milled process (left), ma
(w/w) sodium dodecyl sulfate was added to the sample, which after-
wards was dispersed using a wet-sample dispersion unit (Hydro
EV, Malvern Panalytical, Malvern, United Kingdom) in a saturated,
filtered griseofulvin-water solution to avoid agglomeration. (Fisher-
brand, ThermoFischer Scientific, Waltham, USA) was used for filtra-
tion. The stirrer speed was set to 2000 rpm, the refractive index
was 1.565, and the adsorption index was 0.01. Six replicate measure-
ments ensured the reproducibility of the measured particle-size
distributions. The measured particle-size distributions of the melt-
milled powder were used in a MATLAB code (R2016b, The Math-
Works, Natrick, USA) as source distributions to randomly generate
digital samples. This sample was packed into a two-dimensional
domain. The locations (x- and y-coordinates of the center points of
the circular particles) as well as the diameters were saved in csv-file
that could be implemented as the initialization list for the phase-field
simulation.

Dissolution experiments in the paddle apparatus

The dissolution profile of the micronized griseofulvin, a physical
mixture, an unmilled SCS, and the melt-milled SCS were analyzed in
the USP apparatus II (DT6, Erweka, Langen Germany) with a paddle
speed of 50 rpm. For all dissolution experiments, one liter of deion-
ized water at 37 °C was used, and 2mg of griseofulvin particles were
submerged in the dissolution medium. Sink conditions were main-
tained. A UV/VIS spectrometer (Lambda 2, Perkin Elmer, Ueberlingen,
Germany) was used to quantify the griseofulvin release, using 5 cm
cuvettes and a wavelength of 294 nm.

Phase-field simulation

The geometrical phase field approach is a modelling technique
where the concentration as well as phase transformations are consid-
ered with respect to space and time. This technique is widely used in
material science28−30 and was recently adopted for pharmaceutical
applications. This enables the dissolution process to be modeled
while accounting for different shapes and anisotropy,31 which cannot
be readily done with other techniques. Similar to previous work,32

the geometrical phase-field approach according to Beckermann et
al.27 was used to simulate the two dimensional dissolution behavior
of the melt-milled SCS. In this approach, a non-conserved order
parameter, F, is used to describe the long-range molecular order of
croscopic image (top right) and SEM image (bottom right).
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the system. The value of the parameter varies from 0 to 1, where 0
corresponds to a perfectly disordered system (e.g., liquid melt) and 1
corresponds to a perfectly ordered system (e.g., crystalline solid). The
phase in space and time evolves according to
(1)
Here, the phase change over space and time is expressed by the
interface mobility mk, the interfacial tension term, and a thermal
driving term, where G is the Gibbs-Thomson coefficient, dSR is the
interface thickness, Tm is the melting point of the pure substance, T is
the temperature of the system, ml is the slope of the liquidus line, k is
binary partition coefficient, and w is weight fraction (concentration).
While the interfacial tension term opposes the phase change, the
thermal term favors it.

Since, during dissolution, the phase transition is always coupled
with a diffusion process, this could be expressed by the general con-
vection-diffusion equation. By adding the dimensionless Sherwood
number (Shm - ratio of total mass transfer and diffusion) to the weight
fraction gradient, an isotropic fluid flow in all directions could be
approximated without knowing the fluid velocity vector field. The
rate change of the concentration field, in terms of weight fraction w,
with respect to time is thus expressed as follows:

@w
@t

¼ r ¢ ~D 1þ Shmð Þrw þ 1� kð Þw
1�F
� �þ kF

rF

" #
ð2Þ

Here ~D is the phase averaged diffusivity, rw is the gradient of the

weight fraction (concentration), and ð1�kÞw
ð1�FÞþkF rF is a diffusive flux

term. The diffusive flux term, which acts like a sink or source term
directly related to the phase, enables the coupling of the phase and
weight fraction equation.

Simulations conducted by solving these equations simultaneously
were written in python 2.6.6 (Python Software Foundation, Wilming-
ton, USA) using Fipy 3.0.1.33 Results were visualized with Matplotlib.
A Linear LU-Solver was used to simultaneously solve the partial dif-
ferential equations. All simulations were run on a DELL PowerEdge
R720 equipped with an Intel Xeon E-26XX processor with 32 cores,
and 64 gigabyte-RAM. The total computational time took two weeks.

Surface tension measurements

A 0.018 % (w/w) xylitol-deionized water solution, corresponding
to the xylitol concentration in the USP apparatus II, as a polar fluid
and diiodomethane as a non-polar fluid were used to measure the
static contact angle between these fluids and griseofulvin. Five
biplane tablets with a diameter of 13mm and a weight of 300mg §
10mg were produced by a hydraulic press (Type 3, Paul Weber,
B€osingen, Germany) with a force of 25 kN for about 30 s. A drop of
the corresponding fluid was placed by the drop shape analyzer (G40,
Kr€uss GmbH, Hamburg, Germany) on the surface, and the contact
angle was measured automatically after one second by the Kr€uss ana-
lyzing software. A surface tension of 11 mJ¢m-2 between griseofulvin
and the xylitol solution was calculated based on the results of the
contact angle measurements, Young’s equation, and the model from
Owens andWendt.34
Scanning electron microscope

Micrographs from a scanning electron microscope (SEM) were
made of micronized griseofulvin and the griseofulvin particles of the
melt-milled solid crystal suspension (H-S4500 FEG, Hitachi High-
Technologies Europe, Krefeld, Germany). To analyze the particle size
of the griseofulvin particles embedded in the carrier excipient, the
matrix was dissolved in a saturated and filtered griseofulvin-water
solution. Afterwards, the sample was treated for 120 s with a dis-
perser (ULTRA-TURRAX, T25, IKA Werke, Staufen im Breisgau, Ger-
many) equipped with a dispersing tool (S 25 H-25 F, IKA Werke,
Staufen im Breisgau, Germany) to reduce agglomerates.

Differential scanning calorimetry

According to the method of M€uhlenfeld et al. ,19 the melt-milled
solid crystal suspension was compared to a griseofulvin sample with
an amorphous content of 1 % (w/w) and pure xylitol. For this purpose,
amorphous griseofulvin was prepared by quenching a griseofulvin
melt. The amorphous state was subsequently confirmed in the DSC.
Samples between 9mg and 11mg were weighed into 45mg alumi-
num pans and afterwards heated in the differential scanning calorim-
eter (DSC Q2000, TA Instruments, New Castle, USA). Each specimen
was measured three times with a heating rate of 10 K¢min-1 over a
temperature range of 0 °C to 250 °C.

Results and discussion

Characterization of the melt-milled product

To verify that the production of submicron particles via the melt-
milling process is possible, particle size measurements were per-
formed. In Fig. 2, the cumulative volume distribution is plotted as a
function of the particle diameter. It could be observed that, compared
to the micronized starting material, the distribution of the melt-
milled solid crystal suspension was shifted into the submicron region
(0.1−1mm). The d90 showed that 90 % of the starting material had a
particle size smaller than 32.3mm while the griseofulvin particles
of the produced solid crystalline suspension had a d90 of
0.96§ 0.02mm. This indicates that the melt-milling method was able
to disperse and grind particles directly in a sugar-alcohol melt.

During the melt grinding process, the drug particles were dis-
persed in a xylitol melt of 120 °C and at the same time subjected to
mechanical stress of the grinding media. In order to show that the
crystallinity of the educts was retained, DSC measurements were per-
formed to assess the solid states in the melt-milled product. A sample
of the product from the melt-milling process (SCS) was compared to a
mixture of 99 % (w/w) crystalline griseofulvin and 1 % (w/w) amor-
phous griseofulvin as well as to the pure carrier matrix material, xyli-
tol. The results are shown in Fig. 3 where the heat flow is plotted
against the temperature. Exothermic events are defined in positive y-
axis direction. The characteristic endothermic melting peak of xylitol
(92 °C−95 °C)35 can be seen in the SCS sample and for pure xylitol. A



Fig. 2. Cumulative particle size distributions of micronized and the melt-milled drug
(av § sv, n = 6) measured by laser diffraction. Fig. 4. Dissolved fraction of the melt-milled solid crystal suspension, an unmilled solid

crystal suspension (micronized griseofulvin dispersed in a xylitol melt), a correspond-
ing physical mixture, and pure micronized griseofulvin (av § sv, n = 3).
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corresponding characteristic melting peak for crystalline griseofulvin
(»219 °C)36,35 was detected for the mixture containing 1 % amor-
phous drug and the melt-milled SCS, respectively. In order to be able
to make a quantitative statement about the amorphous proportion of
griseofulvin in the melt-milled product, it should be examined
whether an exothermic recrystallization peak can be observed after
the glass transition temperature.37 For the 1 % amorphous sample,
the recrystallization peak was observed at »140 °C in the enlarged
portion of the DSC thermogram (Fig. 3, right side). Despite the long
exposure to thermal and mechanical stress for the melt-milled SCS,
no endothermic recrystallization peak of the drug could be observed,
indicating that the system remained crystalline.

In vitro dissolution experiments were conducted in the USP appa-
ratus II to analyze the dissolution behavior of the melt-milled solid
crystal suspension, an unmilled solid crystal suspension (micronized
griseofulvin dispersed for 120 s in a xylitol melt via Ultra-Turrax
equipped as in section Scanning electron microscope), a correspond-
ing physical mixture, and pure micronized griseofulvin. In Fig. 4, the
dissolved fraction of these submerged samples is plotted as a function
Fig. 3. DSC thermogram of pure griseofulvin, pure xylitol, griseofulvin with an amorphous
gram from 120 °C to 144 °C (right). Exothermic events were defined in positive y-axis directi
of the dissolution time, where 1.0 corresponds to 100 % of the con-
tained drug. Since micronized griseofulvin has very poor wettabil-
ity, it had the lowest dissolution rate.

An improvement is realized by embedding the micronized griseo-
fulvin in xylitol. The highly hydrophilic excipient increased the disso-
lution rate by a factor of 10. Further particle size reduction into the
submicron region, via melt milling, enabled an additional increase in
the dissolution rate. Especially in the first two minutes, the melt-
milled solid crystal suspension saw an overwhelming increase of the
dissolution rate.

Phase-field simulation of the dissolving, melt-milled solid crystal
suspension

In order to understand the mechanism of the investigated dis-
solution process of the submicron sized griseofulvin particles in the
melt-milled solid crystal suspension, a phase-field simulation was
content of 1 %, and the melt-milled SCS product (left). Enlarged region of DSC thermo-
on.



Table 1
Experimental and calculated simulation parameters for griseofulvin and water (*gris-
eofulvin in water, ** water in crystalline griseofulvin).

Parameter griseofulvin water

Melting temperature [K] 489 273
Melting enthalpy [J¢g-1] 96.04 256
Diffusion coefficient [m2¢s-1] 7.09£ 10−10* 7.09£ 10−25**

System temperature [K] 310.15
Surface tension solid/water [J¢m-2] 1.1£ 10−2

Interfacial thickness [m] 1.0£ 10−9 / 2.0£ 10−9

Slope of the liquidus line [K] 1.71£ 106

Saturation concentration [%] 2.18£ 10−3

Interface velocity [m¢s-1] 5.25£ 10−10

Sherwood number [-] 2.93
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created.38−42 Therefore, the measured particle size was used to ini-
tialize simulated particles in a two-dimensional mesh. Based on pre-
vious works of the authors, where the model was compared to the
corresponding analytical equations, it could be assumed that the car-
rier material, xylitol, dissolves instantaneously in relation to the drug
substance.32 A change in the surface tension between griseofulvin
and the dissolution solvent was considered in the performed surface
tension measurements (section Surface tension measurements).
According to section Phase-field simulation, the temporally chang-
ing flow conditions with characteristic vortices43−45 in the USP
apparatus II vessel could be taken into account by calculating the
median Sherwood number. Therefore, a median velocity vm of
0.0485 m¢s-1 was used, determined by laser doppler measurements
of McCarthy et al. in the apparatus II at 50 rpm.44 Together with the
median of the measured particle size distribution of the melt-milled
SCS, d50 , the median particle Reynolds number (ratio of inertial and
viscous forces) could be determined. For a single spherical particle,
the Schmidt number (ratio of viscous diffusion and mass diffusion)
and the median Reynolds number can be correlated to calculate the
median Sherwood number.46,47

Shm ¼ 0:991 ¢ Rem ¢ Scð Þ13 ¼ 0:991 ¢ d50 ¢ vm ¢rliquid

h
¢ h
rliquid ¢D

 !1
3

ð3Þ

Here h is the dynamic viscosity, rliquid is the density of the liquid,
and D is the diffusivity of the drug substance in water.

Based on the measured particle size of the melt-milled product
(Fig. 2), a digital sample of 150 circular, two-dimensional, isotropic
griseofulvin particles were initialized. The square domain with a
length and height of 3.4mm was discretized into square cells with an
edge length of 2 nm. The dissolution process in the 0.018 % (w/w)
xylitol-water solution could be observed via the simultaneously
evolving phase (Fig. 5 left, upper side) and concentration fields (Fig. 5
left, lower side). Table 1 shows the parameters and associated values
used in the numerical simulation.

Since the entirety of the obtained visualizations could not be dis-
played, a selection is presented at defined time steps of the simula-
tion. Around the red, solid, isotropic crystal ðF ¼ 1Þ the phase
transition appeared as light-colored ring at the solid-liquid interface
and the mass transfer appeared as a black. The chosen Dirichlet
Fig. 5. Simulated dissolution process of 150 circular, two-dimensional, isotropic griseofulvin
tion (see Fig. 2). The Sherwood number was calculated based on the flow conditions in the US
sured in the USP apparatus II, the phase-field simulation, adapted in 3D, the 2D/3D analytica
physical mixture over dissolution time (right).
boundary conditions48 ensure sink conditions. Thereby, the dissolved
griseofulvin could leave the system which led to a total dissolution of
the particles.

In the authors previous works, a two-dimensional, analytical
equation was introduced, which described a cylinder dissolving
under sink conditions over its lateral surface limited by the surface
reaction in which the diameter of the cylinder evolved in time.32

d ¼ d0 � 2 ¢ kSR ¢wsolid

dSR
¢ t ¼ d0 � 2 ¢ vn ¢wsolid ¢ t ð4Þ

Here, the initial diameter of a particle, d0, is reduced by the prod-
uct of the interface velocity, vn, the weight fraction of the solid, wsolid,
and the dissolution time, t. Thereby the interface velocity could be
expressed via the surface reaction coefficient, kSR, and the interfacial
thickness, dSR. Based on the Hixson-Crowell cube root law, Eq. (4) can
be also adapted to account for a 3D spherical particle to calculate the
remaining massmR.49

m
1
3
R ¼ m

1
3
0 � vn ¢wsolid ¢rsolid ¢

4 ¢p
3

� �1
3 ¢ 1

rsolid

� �2
3 ¢ t ð5Þ

Here, initial mass of a particle,m0, is reduced by the product of the
interface velocity, vn , the weight fraction, wsolid, the solid density,
rsolid, and the dissolution time, t. The application of this equation on
every single particle size fraction of the measured particle-size distri-
bution of the melt-milled product (Fig. 2) provided a second predic-
tion option for the dissolution process.
particles. The particle size is based on the measured, cumulative particle-size distribu-
P apparatus II (left). Dissolved fraction of the melt-milled solid crystal suspension mea-
l equation, the 2D Sauter diameter for the melt-milled solid crystal suspension, and the



Fig. 7. Dissolved fraction of a griseofulvin agglomerate and an area equivalent number
of particles as well as a circular particle with the 2D Sauter diameter corresponding to
the agglomerate.
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Since the results obtained were output in 2D by the phase-field
simulation, the calculation had to be adjusted to account for the third
dimension. The resulting dissolved fraction of the phase-field simula-
tion as well as the analytical result for spherical particles could be
plotted together with the results of the in vitro dissolution study as a
function of the dissolution time in Fig. 5. The rapid increase of the dis-
solution profile in the first five minutes was accurately captured by
the phase-field simulation as well as by the 3D analytical equation.
Subsequently, a higher difference between the dissolved fraction of
the melt-milled solid crystal suspension and both prediction tools
could be observed.

This could be explained by the fact that both tools, the phase-field
simulation and the analytical equation, model the dissolution kinetics
of the melt-milled product as isotropic particles. Additionally,
agglomeration of the drug particles during dissolution as well as the
complex flow in the USP apparatus II vessel were not accounted for.
Only the flow conditions were considered and were approximated by
the Sherwood number.50 Moreover, the domain space and the result-
ing number of griseofulvin particles was several orders of magnitude
smaller compared to the experimental set up.

It turns out that the two-phase nature of the release cannot be
explained or depicted by a shape parameter. The difference between
the release experiment and the simulation can therefore be explained
by agglomerate formation. With the aim of capturing this two-phase
nature, the experimental data of the drug dissolution from the melt-
milled SCS as well as the physical mixture were simulated using a
“2D Sauter” diameter ðd2=1Þ, introduced by Mugele and Evans as the
so called surface diameter.51

d2=1 ¼ surface area
diameter

¼ p ¢ d ð6Þ

The results indicate that, in addition to primary agglomeration,
the agglomerate shape and anisotropy of the particles may also influ-
ence the deviation between the experimental data and the phase-
field simulation.
Sauter diameter

To evaluate if the influence of agglomerate shape on the release
kinetics must also be taken into account, the dissolution of an arbi-
trarily formed agglomerate with an area of 1.46 mm2 is compared to
area equivalent particles in varying numbers. Fig. 6 illustrates the
particle initialization, where the domain was meshed with square
elements with an edge length of 1 nm.

The dissolution of one, two, three, five, and ten, circular-parti-
cle systems with equivalent area, one agglomerate with equiva-
lent area, and one 2D Sauter diameter ðd2=1Þ particle were
simulated. Their phases as well as concentration profiles after a dis-
solution time of 1.5 min are shown in Fig. 6 as an example. The
entire release curves are shown in Fig. 7. As the number of particles
Fig. 6. Example pictures at a time point of 1.5min of a two-dimensional, isotropic agglomer
lar particles as well as a circle with the corresponding 2D Sauter diameter.
increases, the surface-to-volume ratio increases and thus acceler-
ates the release.

The release curve of the agglomerate was best represented by the
three-particle system and the 2D Sauter diameter. This is due to an
approximately equal surface to volume ratio. The results show that
the dissolution of an arbitrarily shaped agglomerate can be approxi-
mated by the corresponding 2D Sauter diameter.
Anisotropy

In the simulations described above, the release behavior of
isotropic particleswas investigated. Since, according toGibbs, the surfa-
ces in a crystal always try to take up aminimum of free energy, the sur-
face tension is directly proportional to the geometry of the surface.52−54

It is also known that griseofulvin can form several polymorphs55,56;
form I was used in the experimental investigations. In the following
phase-field study, the dissolution behavior of griseofulvin polymorphs
of form I and II was simulated to evaluate the effect on the dissolution
process. The characteristic parameters were taken from the publication
by Su, X., et al.55 For the implementation of the anisotropic behavior,
the commonmethod of a surface tension tensor in the implicit diffusion
term of the phase equationwas used.57,33

s0 ¼ s ¢ x 0
0 y

� �
ð7Þ
ate of griseofulvin and the area equivalent number of isotropic, two-dimensional, circu-



Table 2
Anisotropy values used for the griseofulvin polymorphs form I and form II according to
Su, et al. .55

Name x-vlaue y-value

Form I_aniso 1.0 4.277
Form I_iso 1.0 1.0
Form II_aniso_needle 1.0 4.277
Form II_aniso 1.0 1.18
Form II_iso 1.0 1.0

Table
Glossary of symbols.

Symbol description SI-units

D Diffusivity of drug substance in water m2¢s-1
~D Phase averaged diffusivity m2¢s-1
d Diameter m
d0 Initial diameter m
d2/1 Two dimensional Sauter diameter m
d50 Particle diameter at 50 % in the cumulative distribution m
d90 Particle diameter at 90 % in the cumulative distribution m
k Binary partition coefficient −
kSR Surface reaction coefficient m2¢s-1
ml Slope of the liquidus line K
mR Remaining particle mass kg
m0 Initial particle mass kg
Rem Median particle Reynolds number −
Sc Schmidt number −
Shm Median Sherwood number −
T Temperature K
Tm Melting temperature K
t time s
vm Median velocity m¢s-1
vn Normal interface velocity m¢s-1
w Weight fraction −
wsolid Weight fraction of the solid −
G Gibbs-Thomson coefficient m¢K
dSR Interfacial thickness m
h Dynamic viscosity kg¢m-1¢s-1
mk Linear kinetic coefficient K¢s¢m-1

rliquid Density of the liquid kg¢m-3

rsolid Density of the solid kg¢m-3

s Surface tension kg¢s-2
s0 Surface tension tensor kg¢s-2
F Phase −
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Two simulations were carried out for the acicular form I as aniso-
tropic and isotropic crystals, and three for the rhombic form II as ani-
sotropic, isotropic, and anisotropic needle crystals, which has
hypothetical anisotropic properties like the acicular form I. The sur-
face tensor values used can be found in Table 2.

Fig. 8 shows the different forms of the two polymorphs and the
dissolved fraction over time. The data shows that the anisotropic
properties of the crystal have no significant influence on the dissolu-
tion behavior for form II.

For the acicular form I, on the other hand, an influence of the pro-
nounced anisotropy can be detected. However, if the same aniso-
tropic behavior for form II as for form I is assumed, a greater
influence on the dissolved fraction can be observed. This shows that
strong anisotropy such as for the needle-shaped form I could have an
effect on the dissolution behavior. However, slight anisotropy as seen
for the rhombic form II cannot contribute to a two-phase dissolution
process as seen for the melt-milled SCS.

Conclusion

To overcome the low aqueous solubility of drug substances, a new
production method of preparing solid crystal suspensions containing
submicron particles was discussed. The melt-milling concept offered
the opportunity to grind drug particles below 1mm and embed them
directly in a sugar alcohol matrix within one formulation step. A high
storage stability, based on the crystalline state of the product, and an
increased dissolution rate of more than 30 % characterized the melt-
milled product.

The in vitro dissolution results could be modeled by using a geo-
metrical phase-field approach and an analytical equation. The trend
of both tools showed good agreement to the dissolved fraction of the
Fig. 8. Griseofulvin polymorphs form I and form II based on Su, et al.55 (left). Dissolved frac
form I and form II (right).
melt-milled SCS for the first five minutes. Subsequent deviations
could be explained by primary particle agglomeration as well as the
unpredictable fluid flow conditions in the USP apparatus II by exclud-
ing the influence of particle anisotropy and polymorph form.

Nevertheless, the phase-field approach can capture the physics of
the dissolution process. This tool may be valuable to identify critical
parameters for further improvements of the dissolution kinetics of
low aqueous soluble drug substances and their formulation concepts.
tion the anisotropic and isotropic polygons representing the griseofulvin morphologies
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