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Abstract

The apparent solubility of drug nanocrystals in equilibrium was experimentally determined for a drug-
stabilizer system with different particle size distributions. True supersaturation was identified for ultrafine
drug nanocrystals with an almost 2-fold increase compared to the thermodynamic solubility of related
coarse drug crystals, highlighting their enabling potential to enhance bioavailability. The experimental
results were applied to investigate in silico the associated dissolution behavior in a closed system by
numerical modeling according to the Ostwald-Freundlich and Noyes-Whitney / Nernst-Brunner equations.
Calculated results were found to be in agreement with the experimental results only when the entire particle
size distribution of drug nanocrystals was considered. In silico dissolution, studies were conducted to
simulate the complex interplay between drug nanocrystals, dissolution conditions and resulting temporal
progression during dissolution up to the equilibrium state. Calculations were performed for selected in vivo
and in vitro scenarios considering different drug nanocrystal particle size distributions, drug amount,
dissolution media and volume. The achieved results demonstrated the importance of ultrafine drug
nanocrystals for potential bioavailability improvement and the functional applicability of the modeling
approach to investigate their dissolution behavior for configurable formulation variables in product
development in terms of in vivo and in vitro relevant conditions.

©2022 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative Commons
Attribution license (http://creativecommons.org/licenses/by/4.0/).
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Introduction

In the last three decades, nanocrystals have emerged as a formulation strategy to improve bioavailability-
related problems of poorly-soluble drugs, enhance clinical convenience, and enable specific therapeutic
benefits [1-7]. Until now, several commercialized nanocrystalline drug products reached the market for oral,
ocular and injection (sc, im, iv) routes of administration [8-10]. Beyond that, a small number of
nanocrystalline drug products are continuously approaching early development and the generic product
lifecycle [9]. For oral products, the improvement of the drug dissolution rate through an increase of the drug
nanocrystal specific surface area, the increase of the solubility due to ultrafine nanocrystals and the adhesion
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of nanocrystals to the gut wall are considered the main contributing factors to bioavailability improvement
[8,11]. On the other hand, ocular and injectable products are most often associated with improved clinical
convenience, like the ease of administration and reduced dosing frequency or specific therapeutic benefits
like continuous and controlled release [12-14].

The manufacturing of drug nanocrystals for industrial applications is most often performed by wet media
milling technology [15-19]. In essence, size reduction of drug particles takes place in aqueous suspension in
the presence of stabilizers between colliding grinding media. The technology is in a mature state and
considered a versatile drug delivery platform owing to its industrial applicability for oral, ocular, and
injectable products from the pre-clinical up to the commercial stage. Wet media milled drug nanocrystals are
mostly reported with product particle sizes between about 150 to 300 nm. Interestingly, only a few reports
are available on the manufacturing of sub-100 nm drug nanocrystals through an optimized design of the wet
media milling process [20,21].

The underlying mechanisms for bioavailability improvement of marketed oral nanocrystal products were
investigated by in vitro/in silico endeavors to retrospectively understand in vivo absorption [11,22-30]. There
is a general agreement that the increase of the drug nanocrystal-specific surface area is a contributing factor
for the dissolution rate and the corresponding bioavailability improvement. Further contributing factors for
bioavailability improvement cannot always be fully explained and hence cannot be generalized. Hypothesized
additional factors include, i.e., intestinal absorption of intact nanocrystals into the enterocytes, increased
drug concentration at the epithelial surface, increased deposition and retention of nanocrystals due to
mucoadhesion and positive effects of surfactants on drug solubility [11,22,24-28]. Supersaturation from
ultrafine nanocrystals is not considered a contributing factor to bioavailability improvement. However, there
is no compelling in vivo evidence to directly validate or invalidate any of these further mechanisms.

Dissolution kinetics and dissolution-permeation tests are typical approaches to investigate in vitro the
contributing factors for the potential bioavailability improvement of oral nanocrystal products [31-41]. In
general, the dissolution kinetics of dispersed nanocrystals takes place almost instantaneously, i.e., in the time
scale of seconds. Therefore, the discrimination of the dissolution rate of dispersed nanocrystals with different
particle sizes, even in comparison to dispersed microcrystals, is challenging. Furthermore, the separation of
undissolved nanocrystals from the dissolved drug for the determination of the dissolved mass fraction is
considered difficult and reported data in the literature must be critically reviewed [8]. In situ approaches
using, i.e., ion selective electrodes, second-derivative UV spectroscopy and dynamic light scattering could be
a possibility [29,35,40,41]. Although it must be borne in mind that the interaction of UV-radiation with
ultrafine nanocrystals and the poor time resolution for UV spectroscopy-based methods are still challenging
[42]. Dissolution-permeation tests were also evaluated overcoming the issue of separation of dissolved from
the undissolved drug when relying on data obtained from the acceptor compartment [23,27,29,32-39]. These
tests provide an overall, interrelated set of information without discrimination between dissolution and
permeation. Case studies provided a rank ordering for different formulations with often promising
correlation to the related in vivo absorption data. However, the appropriate experimental set-up and
parameters of the permeation test, including membrane properties, donor and acceptor media, volume and
hydrodynamics, should be considered [37,39].

Supersaturation, respectively the increase of apparent solubility in relation to the thermodynamic
solubility due to nanocrystal particle size, as described by the Ostwald-Freundlich equation, is another
potential contributing factor to the bioavailability improvement of oral nanocrystal products [8,43-46]. Initial
studies suggested a solubility increase due to nanocrystal particle size from marginal up to several folds. The
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critical review of the available reports provided evidence that the increase of the apparent solubility, in
relation to the thermodynamic solubility, is only marginally of up to about 15 to 20 % for the finest mean
nanocrystal particle size of about 150 nm [8,43-46]. The reason for the discrepancy in the available reports
was mainly associated with inadequate methods for the separation of dissolved drug from undissolved drug
nanocrystals [8]. In conclusion, there is the general agreement that dissolution rate is a contributing factor
and supersaturation is of secondary importance for bioavailability improvement. The bioavailability
improvement due to the projected increase of the apparent solubility by the Ostwald-Freundlich equation is
hypothesized to be more pronounced only for nanocrystal particle sizes in the 50 nm range [8].

Dissolution modeling is a well-established in silico approach to mathematically describe the diffusion-
limited release from drug particles for coarse and micron particle sizes considering the complex interplay of
relevant parameters such as drug amount, particle size, shape, as well as dissolution media and related
volume [47-52]. In contrast, dissolution modeling from drug nanocrystals is reported only by a limited
number of studies [30,53-55]. Liu et al. simulated the dissolution of monodisperse particles with a size of
1300, 560 and 340 nm, not considering the increase of the apparent solubility [30]. Ely et al. provided the
theoretical framework to estimate the dissolution kinetics of monodisperse nanocrystals considering the
increase of the apparent solubility by the Ostwald-Freundlich equation with the assumption of a constant
diffusion boundary layer thickness [53]. Johnson simulated the dissolution of polydisperse particle size
distributions considering the increase of the apparent solubility according to the Ostwald-Freundlich
equation [54]. He provided simulation results for the dissolution of coarse and micron-sized particle size
distributions and used experimental dissolution data for model fitting, taking the diffusion boundary layer
thickness as a fit parameter. Parks et al. presented a molecular dynamics-based simulation methodology on
an atomistic level and showed results for the dissolution of nanocrystals with particle sizes below 6 nm [55].

The objective of this study was to manufacture a wide range of nanocrystal particle sizes by wet media
milling technology with identical drug compound and formulation composition, including sub-100 nm particle
sizes using an industrially applicable process design. The manufactured drug nanocrystals were characterized
for their product attributes, namely particle size distribution, morphology and solid-state properties.
Subsequently, the different batches were experimentally characterized for their apparent solubility in
different dissolution media. The experimental data set comprising different drug nanocrystal particle size
distributions and their related apparent solubility were used to develop a numerical model for the in silico
calculation of the dissolution kinetics of drug nanocrystals according to the Noyes-Whitney / Nernst-Brunner
and Ostwald-Freundlich equations. The numerical model was then applied to selected industrially relevant in
vivo and in vitro scenarios to predict in silico the dissolution in a closed system considering the interplay
between input parameters: drug nanocrystal particle size distribution, drug amount, dissolution media and
related volume, and output parameters: apparent solubility, remaining drug particle size distribution if any
and drug fraction dissolved, all time-resolved up to equilibrium condition.

Experimental

Materials

A proprietary crystalline drug provided by Novartis Pharma AG was used for this study. The compound is
a weak base showing high permeability and low solubility at physiological pH with a molecular weight above
500 g/mol, a melting point above 180 °C and water solubility below 0.1 mg/mL. A typical polymer and a
surfactant are used for the stabilization of the nanocrystal suspension, according to the literature [15-19].
Purified water was used throughout all experiments as the continuous phase for nanocrystal manufacturing.
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Experimental methods

Drug nanocrystals were manufactured in aqueous suspension using wet media milling technology in
recirculation mode. The drug and stabilizer composition were constant throughout the experiments, with
concentrations of 25 %w drug, 4 %w stabilizers and 71 %w purified water. Nanocrystals with a target particle
size > 100 nm were manufactured with the wet media mill Labstar, Netzsch Feinmahltechnik using grinding
media made from yttrium stabilized zirconia with a diameter of 100 or 300 um. Nanocrystals with a target
particle size < 100 nm were manufactured with the wet media mill Ultra Apex Mill 015, Hiroshima Metal &
Machinery, using grinding media made from yttrium stabilized zirconia with a diameter of 30 um. The milling
operations were performed with a rotor tip speed of 12 or 14 m/s and a duration of up to 8 hours. The
manufacturing of the nanocrystals was controlled by an appropriate cooling installation to ensure maximum
temperatures of the suspension between 20 to 25 °C.

The surface energy of the drug compound was characterized by drop shape analysis of the static contact
angle using the drop shape analyzer DSA100, Kriiss, and as complementary technique inverse gas
chromatography, using the modular equipment NeuronlC, Adscientis, which includes the gas chromatograph
Clarus 580, PerkinElmer. Surface energy by drop shape analysis was performed with diiodomethane and
water to characterize the polar and disperse part of the surface energy using the Owens-Wendt-Rabel-
Kaelble (OWRK) method for data evaluation [56,57]. Surface energy by inverse gas chromatography was
performed at infinite dilution with 15 gas probes, including n-alkanes, cyclic and branched alkanes and polar
gases, to characterize the disperse part of the surface energy using the Dorris-Gray method for data
evaluation [58].

Particle size was characterized for the coarse crystal suspension by laser light diffraction (LLD) and for wet
media milled nanocrystal suspension samples by photon correlation spectroscopy (PCS). LLD analysis was
performed using the equipment model Sucell/Helos, Sympatec with the measuring range R2 by dispersing
the powder in purified water with minute amounts of the dispersing aid (10 %w Tween 20) and sonication of
the test dispersion until the primary particle size distribution was reached. The obtained angular scattered
light was evaluated according to Fraunhofer light diffraction theory and results were reported by volume-
based (Qs) particle size distribution [59]. PCS analysis was performed using the equipment model Zetasizer
Nano ZS, Malvern Instruments, by dilution of the nanocrystal suspension in sterile filtered 0.1 mM NaCl
aqueous solution. The obtained scattered light intensity dynamics was evaluated according to the cumulant
method and results were reported by scattering intensity weighted mean particle size and polydispersity
index as a measure of the width of the particle size distribution [60]. Further, the refractive index of the drug
compound was determined according to the Becke line phenomenon [61]. The determined refractive index
was used as an input parameter to calculate the volume-based (Qs) particle size distribution from the
scattering intensity weighted mean particle size and polydispersity index of the PCS analysis using the built-
in instrument software. As a complementary analysis, particle size and morphology of nanocrystals were
characterized by scanning electron microscopy (SEM) using the equipment model GeminiSEM 300, Carl Zeiss
Microscopy. All images were obtained using an accelerating voltage of 5 kV. Sample preparation was
performed by filtration of the nanocrystal suspension through a nucleopore membrane filter and sputter-
coated with gold.

The saturation solubility of nanocrystals was determined by the addition of the required amount of
nanocrystal suspension with known assay into 1 L of either 0.01 M hydrochloric acid pH 2 solution, pH 3
citrate buffer or pH 4.5 sodium acetate buffer. The suspensions were equilibrated at 22 °C for 24 h under
continuous stirring using appropriate magnetic stirrers to ensure a constant suspension temperature
throughout the equilibration time. Three aliquots were taken from the equilibrated suspension using an
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electronic pipette, where one aliquot was used to confirm the temperature and the pH of the related
suspension. The other two aliquots were transferred into thick-wall polycarbonate centrifuge tubes and
inserted into an ultracentrifuge, Beckmann Coulter Optima™ MAX-XP, for analysis in duplicate. The
ultracentrifuge was operated for the first 5 min until a temperature of 22 °C and the required vacuum were
reached. Subsequently, the sample was centrifuged at 541’000-fold gravity for 10 min at a constant
temperature of 22 °C. An aliquot of the supernatant was collected from the centrifuge tube using an
electronic pipette after completion of the ultracentrifugation. The absence of particulate matter in this
aliquot was confirmed for the finest nanocrystals by photon correlation spectroscopy (PCS) during method
development. The aliquot was diluted with a fixed ratio of an organic solvent to robustly rule out any
potential precipitation of the solubilized drug. Finally, this aliquot was analyzed for assay by high pressure
liquid chromatography (HPLC), Agilent 1290 Infinity LC using a validated method with an analytical precision
of better than 0.3 % relative standard deviation and a simultaneously operated system suitability test. In
addition, the stability of the solubility of nanocrystals was investigated by applying extended equilibration
times using the sample preparation and analytical method as described above.

X-ray powder diffraction (XRPD) was performed using a Rigaku, Smart Lab Il in either reflection or
transmission mode. For both modes, an angular range between 2° to 40° 28 was scanned with an angular
step of 0.017°. Cu-Ka radiation at 40 kV and 40 mA was used throughout the measurements. In reflection
mode, 10.00 * 0.05 mg of powder was prepared on a low background Si-sample holder for each sample. The
sample holders were spun at 2 Hz during the measurement. A scan speed of 1.7 °/min was used. Samples
were measured in triplicate to obtain an average signal, whereby for each measurement, a new sample
holder was prepared. In transmission mode, a 0.7 mm OD glass capillary with 80 to 100 mm length was used.
Nanocrystal suspensions were filled into the capillaries using a special 0.5 mm OD cannula. Filled cannulas
were immediately afterwards closed with a small plug of malleable waxy material. Capillaries were spun with
2 Hz and a scan speed of 0.1 °/min was used.

Modeling methods

The diffusion-limited dissolution of solids in a surrounding liquid phase is described by the Noyes-Whitney
/ Nernst-Brunner equation [62,63]:

T=2(s-a) (1)

The dissolution rate dm/dt is a function of the surface area of the solids A, the diffusion coefficient of the
solute D, the diffusion boundary layer thickness around the solid &, the saturation solubility of the solute s
and the time-dependent concentration in the liquid phase c. This diffusion-based approach assumes
saturation conditions at the solid’s surface followed by diffusion of the solute molecules through the diffusion
boundary layer into the surrounding liquid with concentration ¢, assuming a linear concentration gradient
across the diffusion boundary layer.

The diffusion coefficient D is calculated according to the Stokes-Einstein equation:

_ kpT
~ 6mnRy

(2)

where kg is the Boltzmann constant, T the temperature, n the dynamic viscosity of the liquid and R, the
hydrodynamic radius of the diffusing molecule. Ry is calculated based on the molar volume of the dissolving
compound Vi, assuming a spherical geometry of the diffusing molecule.

The diffusion boundary layer thickness is described by Prandtl’s boundary layer theory for macroscopic
systems, in which the thickness of the diffusion boundary layer depends on the velocity of the surrounding
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liquid in relation to the solid surface [64]. This concept is no longer applicable for particles smaller than 1 um
since the particles practically follow the liquid flow due to a lack of inertia and the relative velocity approaches
zero [65,66]. The exact behavior of the diffusion boundary layer thickness for particles smaller than 1 um is
not fully understood. However, the most frequent and accepted approach assumes a diffusion boundary
layer thickness equal to the particle radius for such small particles [65,67-71]:

X
0 =r = E (3)
The increase of the solubility with the decrease in particle size is described by the Ostwald-Freundlich
equation [72]:

(Z-Vm-asl)
RTr

(4)

where s,pp is the apparent solubility, so the thermodynamic solubility for coarse particles x > 1 um, oy the

Sapp = SO e

interfacial energy between solid and liquid phase, r the particle radius, Vi, the molar volume of the dissolving
compound, R the universal gas constant and T the temperature. According to equation (4), the apparent
solubility increases with decreasing particle size. This effect becomes notable for particles x < 1 um and has
been experimentally demonstrated [8,43-46].

A numerical model was established, combining equations (1), (3) and (4) to describe the dissolution of a
sample of small particles x << 1 um. Any true sample of particles is polydisperse and not monodisperse.
Therefore, realistic samples should be described by a particle size distribution. Each particle within the
particle size distribution with its specific particle size exhibits its own specific apparent solubility. Depending
on the particle size distribution, the apparent solubility can vary notably from one end of the particle size
distribution to the other. Therefore, the entire particle size distribution must be considered to accurately
describe the dissolution of a particle system with x < 1 um.

A particle size distribution with appropriate discretization is required for the numerical model to minimize
the variability of the calculated results. PCS measurements yield the mean particle size (xecs) and the
polydispersity index (Pl). Based on the refractive index of the compound and the liquid, the volume-based
(Qs) particle size distribution data can be obtained as percentiles for x10,3, X20,3 t0 Xs0 3, Xa0 3. Finally, these data
are fitted using a log-normal function and discretized in 999 classes of the volume-based (Qs) particle size
distribution, obtaining the percentiles X013, X023 1O Xe983, X99.9,3. While the fitted log-normal distribution
matches well the percentiles from xi03 to Xs03, it should be noted that a non-negligible uncertainty is
introduced specifically for the ranges below x103 and above xq03 as here, an extrapolation of the experimental
data is conducted as the true particle size distribution is not known.

The following assumptions are made for the numerical model:
diffusion-controlled dissolution from a planar surface with linear concentration gradient across
the diffusion boundary layer,
perfectly mixed liquid phase with constant temperature,
spherical particles, ideally dispersed in the dissolution medium,
no drug-drug or drug-excipient interactions,

no precipitation/crystallization / Ostwald ripening, no agglomeration.
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Figure 1. Scheme for the numerical calculation of nanocrystal dissolution considering the Ostwald-Freundlich

and Noyes-Whitney / Nernst-Brunner equations with parameters: time t, time step At, drug concentration ¢,

drug mass m, thermodynamic solubility for x > 1um, so, apparent solubility sapp, particle size x, particle radius

r, drug molar volume Vi, interfacial energy between solid drug and liquid phase os, universal gas constant R,

temperature T, particle volume V, particle surface area A, diffusion coefficient D, density of solid drug p,
diffusion boundary layer thickness 8, volume of dissolution medium V.

Figure 1 schematically outlines the workflow of the established numerical model for the calculation of the
dissolution of small particles, specifically for size distributions with particles x < 1 um. Besides the input
parameters needed for the equations (1), (2) and (4), as well as the particle size distribution data, information
about the dissolution scenario, i.e., the amount of solid drug and amount of dissolution media, is required as
input parameters for the calculation. Thus the model offers the possibility to flexibly adjust the calculated
scenario to any application of interest, i.e., from sink to non-sink conditions. In this context, the Dose number
(Do) is a functional parameter to simply describe the ratio of available solid drug to the thermodynamically
soluble amount in a certain amount of dissolution media. Do was introduced by Amidon et al. in the 1990s
[73,74] and the parameter has become a standard to assess and classify the risk for oral absorption in terms
of dissolution [75-80].

m

Do =

(5)

So'V1

Where m is the amount of solid drug, so the thermodynamic solubility for large particles x > 1 um in the
related dissolution medium with volume Vi. The numerical calculation is carried out iteratively for each
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particle class i, with the number of iterations j and the time step At. As the first step in each iteration, the
mass, volume, and surface area are calculated for each particle class. As long as the mass of a particle class
ism; ; > 0, the apparent solubility for each class s,y ; is calculated based on its particle size x; ; using the
Ostwald-Freundlich equation. If the apparent solubility is higher than the concentration in the dissolution
medium supp; i > €1 j, the particles of that class can further dissolve, and the dissolution rate is calculated
using the Noyes-Whitney / Nernst-Brunner equation. With the selected time step At, the new particle size
for each class for the next iteration x; j,1 is determined as well as the amount of dissolved compound for
each class Am; ;. Consequently, the number of particles per class is constant and each particle remains in its
initial class, however, the class’s particle size is decreasing. The sum of dissolved drug compound from all
classes Am; is added to the concentration ¢; ; resulting in the new concentration ¢; j, 4. Finally, the time for
the next iteration step is determined ¢t;,; = t; + At. The calculation cycle is repeated as long as there is a
particle class remaining for which sqy,,,; i > ¢; j is true or until all material has been dissolved. At the end of
the calculation, the system is considered to be in equilibrium. For simplification, throughout this manuscript,
the term “thermodynamic solubility” is used to represent the solubility of coarse particles with a size
x >> 1 um, and the term “apparent solubility” is used interchangeably to “resulting concentration at
equilibrium”, if supersaturation has been reached. Table 1 summarizes the input parameters used for the
numerical model. The calculation was programmed in Microsoft Excel 2016 with Microsoft Visual Basic for
Applications 7.1.

Table 1. Input parameters for the established numerical model.

Parameter Value Unit
Drug molar volume, Vi 3.72-10* m3/mol
Dynamic viscosity of dissolution media, n 1 mPa s
Interfacial energy between solid and liquid, os 30 ml/m?
Solid drug density, p 1364 kg/m?3
Thermodynamic solubility, so,pH3 28 mg/L

The decrease of the particle size of the individual classes and the change of the particle size distribution
as a function of time is obtained as output from the numerical model. In addition, for cases where Do > 1,
the remaining mass fraction of the solid drug and its final particle size distribution is captured, if applicable.
Similarly, the concentration increase in the dissolution medium as a function of time as well as the equilibrium
concentration in the dissolution medium, which corresponds to the achieved apparent solubility for cases
where Do > 1, are obtained.

Results and discussion

Particle size characterization of nanocrystals

The coarse crystal and the manufactured nanocrystal particle size distributions as determined by laser
light diffraction (LLD) and photon correlation spectroscopy (PCS) approximated into log-normal distributions
are outlined in Table 2. The volume-based (Qs) percentiles x10,3, Xs0,3 (Mmedian) and xs 3 of the particle size
distributions are reported, including the individual relative difference compared to the experimental results
as obtained from LLD and PCS analysis. Further, the standard deviation (o) of the approximated log-normal
distribution is reported. The uncertainty for the ranges below x10,3 and above xs03 must be highlighted as here
experimental results were extrapolated. However, the obtained difference by the approximation of the log-
normal distribution fit is considered appropriate. It should be noted that analytical centrifugation is presumed
to be a more accurate technique to characterize the entire nanocrystal particle size distribution. The obtained
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results of the nanocrystal suspensions show the wide range of particle size distributions manufactured, well
within the range of conventional products above 150 nm and within the sub-100 nm range. The finest
nanocrystal particle size distribution was obtained for experiment No. 8, with most particles below 100 nm.
Interestingly, the standard deviation for the wet media milled suspensions, including experiments No. 2 to 8
is quite comparable.

Table 2. Volume-based (Qs) particle size distribution percentiles (x10,3, Xs0,3 and xs0,3) and standard deviation (o)
for approximated dimensionless log-normal distributions used as input for the numerical model and deviation (in
brackets) to experimental particle size distributions determined by laser light diffraction (LLD) for experiment No.
1 and by photon correlation spectroscopy (PCS) for experiments No. 2 to 8.

Experiment Particle size Particle size Particle size Standard deviation o
No. X103 / nm Xs03 / nm X903 / nm /-
1 1116 (-0.4%) 2443 (-1.9%) 5344 (+0.1%) 0.611
2 152 (-3.4%) 261 (+1.0%) 449 (-3.6%) 0.422
3 116 (-2.2%) 201 (+0.0%) 348 (-0.9%) 0.427
4 78 (-6.0%) 140 (+1.4%) 252 (-3.2%) 0.456
5 57 (-5.9%) 111 (+2.2%) 213 (-3.5%) 0.513
6 53 (-7.2%) 93 (+2.5%) 162 (-7.1%) 0.432
7 53 (-6.4%) 90 (+2.8%) 150 (-7.0%) 0.404
8 47 (-4.3%) 79 (+1.1%) 133 (-3.9%) 0.402

The corresponding scanning electron micrographs of the manufactured nanocrystals are shown in
Figure 2. The different levels of magnification of the micrographs should be noted. The coarse crystals are
shown in Figure 2(a) and correspond to experiment No. 1. Coarse crystals with a particle size of about 5 um
and fine crystals below 1 um can be seen in the micrograph and match well to the quantitative particle size
distribution according to Table 2. Nanocrystals manufactured by wet media milling are shown in Figure 2(b)
to (h). Even at the highest magnification, nanocrystals demonstrate throughout all experiments quite smooth
surfaces. This observation corresponds to other investigations where the surface of wet media milled organic
crystals is also determined by the solid-liquid equilibrium and not merely by ordinary mechanical fracture
[81]. Figure 2(b) shows the coarsest nanocrystals manufactured by wet media milling with one larger sized
population of irregular, square-shaped particles with smooth planes and a second smaller-sized population
of irregular, round-shaped particles. Interestingly, the population of irregular, square-shaped particles is
decreasing with further size reduction of the nanocrystals, as can be seen upon the evolution from Figure
2(c) to (h). The population of irregular, square-shaped particles with smooth planes no longer exists for the
smallest nanocrystals obtained, see Figure 2(h). Most of the particles of the finest manufactured nanocrystals
in Figure 2(h) are well below 100 nm and correspond well with the quantitative results in Table 2. The entire
nanocrystal population shows irregular, rounded-shaped particles and even ultrafine nanocrystals with
almost sphere-like shape. On closer examination, ultrafine nanocrystals with a particle size of about 20 nm
can be found.
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(s)

Figure 2. Micrographs of nanocrystals as determined by Scanning Electron Microscopy (SEM) corresponding
to Table 2. (a) Experiment No. 1, xs0,3 = 2443 nm. (b) Experiment No. 2, xso3 = 261 nm. (c) Experiment No. 3,
X503 =201 nm. (d) Experiment No. 4, xs03 = 140 nm. (e) Experiment No. 5, xs0,3 = 111 nm. (f) Experiment No. 6,
xs0,3 = 93 nm. (g) Experiment No. 7, xs03 = 90 nm. (h) Experiment No. 8, xs0,3 = 79 nm; note the different levels
of magnification of the micrographs.
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Solid-state characterization of nanocrystals

Nanocrystals can be seen as an intermediate step in the continuum between perfectly crystalline materials
and amorphous phases, where defects and surface features of the crystalline structure can no longer be
ignored when describing the solid state of the particles [82].

In general, crystalline particles might appear smooth by light or electron microscopy. On a molecular scale,
however, every particle will show a certain amount of surface rugosity due to the growth patterns of the
crystal. This might lead to steps or valleys on the surface of a particle. In addition, during crystallization,
imperfections such as surface cracks, grain boundaries between crystallites and dislocations can also create
a larger actual surface area, see Figure 3(a). It should be noted that some of these contributions might not
be accessible, with every instrumental technique giving rise to different estimates depending on the chosen
methodology. Further, noise from sample containers and inactive ingredients in the sample will generate a
background signal that will limit the sensitivity of any method chosen.
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Figure 3. (a) Schematic representation of a hypothetical crystal with defects. (b) Intrinsic surface amorphicity
(AM) of a spherical particle with particle size (x) and depth of amorphous surface layer in a number of layers
of unit cells (2).

Crystalline substances show a distinct XRPD pattern. However, by definition, at least the outermost
molecular layer on the surface of a crystal, see Figure 3(a) orange color, cannot exhibit the crystal lattice that
defines the bulk crystal, as both near and far orders are absent at the surface. It can be assumed that this
layer might be fully amorphous. Similarly, the second, and maybe the third, outermost layers do not have the
same amount of far order as unit cells deep inside the crystal, see Figure 3(a) blue color.
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Fine particles in the lower micron-sized or even submicron-sized range will exhibit substantially more
relative surface area that would thereby naturally increase the amorphous fraction of the material, even in
the absence of further defects. Estimating this fraction would therefore predict a likely minimum amount of
amorphous content that could be expected depending on the particle size if the surface layer were truly fully
amorphous. The amount of amorphous surface layer (AM) in relation to the particle volume can be calculated
using a simplified core-shell model of concentric spheres with a shell thickness corresponding to the number
of layers of unit cells according to the expression below.

x3_(x_2'Z'Dcell)3

AM = = (6)

whereby D is the diameter of the crystallographic unit cell, x the particle size, and Z is the depth of the
amorphous surface layer expressed in layers of unit cells. Using the volume of the unit cell Ve, which can be
calculated using the generalized expression:

Veen =a-b-c-+/(1— cos?a — cos2f — cos?y) + 2 - (cosa * cosf * cosy) (7)

Whereby a, b and c are the lengths of the unit cell axes and &, § and y are the respective angles. The small
average particle size and the significantly rounded edges of individual particles justify the approximation of
spherical particle morphology. Table 3 shows the estimated percentage of the intrinsic amorphous surface
for several relevant particle sizes and layer depths. It can be seen that for coarse particles, assumed to have
a particle size of 100 um, the intrinsic amorphous surface layer percentage is negligible, even at a depth of
three layers. For particle sizes between 1 and 3 um, the intrinsic surface amorphicity is estimated to be not
more than 2 %, likely below the limit of detection with state-of-the-art equipment.

Table 3. Estimated relative amount of the amorphous content (AM) for different particle sizes (x) and a different
number of layers of unit cells (Z).

Amorphous content / %
Particle size / nm

=1 Z=2 =3

20 28.5 51.0 68.1
50 12.2 23.3 334
100 6.2 12.2 17.8
200 3.1 6.2 9.2
1000 0.6 13 1.9
3000 0.2 0.4 0.6
100000 0.01 0.01 0.02

For particles with a size below about 200 nm, the intrinsic amorphous surface contribution is estimated
to become detectable and quantifiable with state-of-the-art equipment. On average, between 6.2 to 17.8 %
of amorphous content due to the surface layers are estimated for a 100 nm particle. Ultrafine particles of
20 nm are likely to be more amorphous than crystalline. The relationship between particle size and the
intrinsic amorphous surface is depicted in Figure 3(b). Further, the inserts visualize the amorphous layer for
a few selected particle sizes and layer depths.

Transmission XRPD experiments using a glass capillary were tried to quantify the amorphous content of
the nanocrystals. The glass capillary and the placebo create a background signal that needs to be subtracted.
It was assumed that all glass capillaries were identical and that the placebo solution of the stabilizers could
be subtracted from the total signal of the suspension. However, prior investigations had shown that part or
all of the stabilizer interacts with the surface of the wet-media milled particles and is therefore bound and
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no longer freely available in the supernatant solution. This bound amount should vary with the particle size,
but it was assumed that the variation between the individual batches was small. To further investigate this
effect, a suspension with the smallest mean particle size was centrifuged using an ultracentrifuge generating
a particle-free supernatant solution. This supernatant showed a low XRPD absorption across the angular
range, showing that most of the stabilizer is indeed absorbed to the surface of the particles in suspension
(data not shown). The centrifuged placebo solution was used for the background correction for all

suspensions.
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Figure 4. Transmission XRPD patterns at selected diffraction angles for experiment No.1 and 6 to 8 with
particle size xso,3 of 2443, 93, 90 and 79 nm. (a) Transmission XRPD pattern between 11° and 15° 2 6. (b)
Transmission XRPD pattern between 30° and 35° 26.

Scrutinizing the XRPD patterns in the range of 11 to 15° 26 shows that the suspension containing the
micron-sized particles has a significantly more intense reflection signal than the nanocrystal particles, see
Figure 4(a). Indeed, a small diffraction peak at 11.7° is still visible that usually can only be seen in a fully
crystalline material. For the nanocrystal particles of xsq3 of 79, 90 and 93 nm, the intensity of the peak in this
range diminishes with their respective particle size, and a visible peak broadening compared to the micron-
sized particles can be seen. At higher 26 angles, the micron-sized particles again show the highest residual
peak intensity and a slightly smaller halo intensity, while the other nanocrystal particles appear to be
identical. At high diffraction angles, i.e., 30° to 35° 26, some patterns show a residual amorphous halo after
subtraction of the placebo, indicating a significant degree of amorphous content in the nanocrystals.

For the quantification of the amorphous content, a fully crystalline and a fully amorphous reference in the
same medium are necessary. Unfortunately, suspension of unmilled material or amorphous drug substance
could not be generated. The unmilled, nominally 100 % crystalline material does not suspend in the aqueous
medium, while the amorphous material showed rapid Ostwald ripening and recrystallization. Consequently,
no estimate for the amorphous content of the suspensions can be given. However, using the Scherrer
equation, one can calculate an average crystallite size using a crystalline silicon standard (NIST® SRM® 675)
as a reference. Table 4 shows the peak parameters obtained from the pattern, the calculated crystallite size
and the known median particle size xso3. The average peak height is steadily diminishing with a smaller
median particle size. The nanocrystals of experiments No. 6 to 8 have a very similar, if not identical, average
crystallite size of approximately 31 nm.
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Table 4. Nanocrystal particle size xso,3 for experiments No.1 and 6 to 8 and calculated crystallite size from
transmission XRPD peak data at 13.7° 26.

Experiment No. Particle size xs0,3 / nm Intensity / cps Crystallite size / A
1 2443 2114 1050
6 93 618 320
7 90 563 285
8 79 516 325

Plotting the peak height at 13.7° against the measured particle size in a semi-logarithmic plot allows fitting
a linear trendline through the data, whose root predicts a likely particle size at which the peaks’ diffraction
signal would be merging with the amorphous background. The extrapolation estimates that below a particle
size of approximately 21 nm, the drug substance would become X-ray amorphous, with the exact nature of
the particles, i.e., crystalline or amorphous, being undeterminable. It should be noted that a crystal of 21 nm
would still contain about 7000 unit cells. However, about 28 %, i.e., 2000 of those would already constitute
a single surface layer and three layers would amount to 68 %, notwithstanding internal dislocations and grain
boundaries that would further reduce any diffraction signal. Therefore, a more appropriate limit of detection
of crystallinity by transmission XRPD should be above a particle size of 21 nm.

It should be kept in mind that the samples actually have a particle size distribution and that the XRPD
signal is a superposition of the individual contributions of each particle size in the sample. Indeed, an SEM of
a sample with a median particle size xso3 = 79 nm shows that the sample exhibits particles that represent
particle sizes according to the determined particle size distribution, see experiment No. 8 in Table 2 and SEM
in Figure 2(h). However, nanocrystal particles in the vicinity of 30 nm and even around 20 nm can be found
in the high magnification SEM in Figure 2(h).

The liquid nature of the suspensions makes handling and measurement awkward for XRPD investigations
in reflection mode. It is preferable to handle the samples as dry powders. To obtain dry powder, one milliliter
of selected suspensions was dried at 50 °C in an oven for a week. The solid residue obtained after drying was
ground into a fine powder in an agate mortar. In addition, the reflection measurements allow the generation
of a calibration line with respect to the amorphous content by using unmilled crystalline material and
amorphous drug substance as 100 % and 0 % crystalline reference, respectively. Further, physical mixtures
of these allow the preparation of calibration mixtures with known amorphous content. The suspensions also
contain 4 %w of stabilizer, which relates to 13.79 %w in the dried samples. Therefore, the patterns obtained
were corrected for their stabilizer contribution. Each sample was measured in triplicate and an average of
the three individual datasets was used to minimize intensity errors. Further, each sample was weighed to
10.0 £ 0.050 mg to minimize intensity variations due to differences in mass absorption between samples. The
stabilizer contribution was subtracted from the suspension raw data, and the pure solid samples, i.e.,
unmilled crystalline, amorphous and micron-sized samples, were weighted accordingly. The pattern of the
Si-holder was subtracted subsequently, and the resulting patterns were smoothed with a 9-point straight line
Savitzky-Golay window, resulting in a less noisy pattern overall, see Figure 5.

The physical mixtures together with the crystalline and amorphous material, allowed the generation of a
calibration line by plotting the crystalline content against the baseline intensity. The area around 17° 26 is
considered suitable for analysis. A calibration line at 16.994° 20 was generated, including regression and error
analysis. The intensity error was calculated as the standard deviation of three measurements for the four
calibration mixtures, see Figure 6. The regression line and the 95 %-confidence limits were calculated using
Microsoft Excel 2016. An excellent fit and high regression coefficient give credence to the assumption that

266 @) |



ADMET & DMPK 10(4) (2022) 253-287 Modeling of drug nanocrystals dissolution

the baseline intensity is indeed linearly correlated to the crystalline mass fraction.
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Figure 5. Reflection XRPD patterns between 10.5° to 17.5° 26, with 100 % crystalline drug substance, 100 %
amorphous drug substance and for experiments No.1, 5 and 8 with particle size xs0,3 of 2443 nm, 111 nm and
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Figure 6. Calibration line at 16.9994° 26 by reflection XRPD for the calculation of the amorphous content
(WerystxreD) With 95 %-confidence limits and results for calibration points and experiments No.1, 5 and 8 with
particle size xs0,3 of 2443 nm, 111 nm and 79 nm.
The crystalline content (Werystxrep) for experiments No. 1, 5 and 8, as well as the errors, were calculated
from the regression parameters and are summarized in Table 5. It should be noted that the amorphous

content (Wamorphxrep) is defined according to the following equation.

Wamorph,XRPD = 1- Weryst, XRPD (8)

The intrinsic amorphous surface layer contribution for a depth of one unit cell was calculated using the
median particle size (Wamorph,z-1), see Table 5. Results for the micron-sized drug substance and the nanocrystal
drug substance batches cluster separately, suggesting that the nanocrystals do have a higher amorphous
content than the micron-sized drug substance. Within the error limits, the micron-sized drug substance
shows an amorphous content of 8 %w, while the nanocrystal drug substance batches show an amorphous
content of 21.5 %w on average. Both values are significantly larger than those suggested by assuming a single

amorphous surface layer of unit cells, see Table 5.
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Table 5. Calculated crystalline content (Werystxrep) and amorphous content (Wamorph xrep) by reflection XRPD for
experiment No.1, 5 and 8 and calculated amorphous content for a single layer of unit cell and related median
particle size xs0,3 (Wamorph, z=1).

Experiment No. Particle size xs0,3 / nm Weryst,xreD [/ % Woamorph,xrep / % Wamorph =1 / %
1 2443 92 +1 8 0.3
5 111 77 £3 23 5.6
8 79 80 13 20 7.8

The contribution from the nanocrystals to the estimated intrinsic surface amorphicity can be calculated
by taking the whole particle size distribution from Table 2 into account. This should give a more accurate
estimate of the intrinsic surface amorphicity. Assuming several layers of non-crystalline surface unit cells (Z),
the intrinsic surface amorphicity (Wamorphz) cOntribution rises significantly depending on the number of layers
of unit cells. It should also be kept in mind that the limit of detection of crystallinity, determined by reflection
XRPD, suggests that particles in that size range might still be crystalline, although appearing amorphous in
the measurement. Therefore, the true amount of amorphicity could be less than the measured one. The
nanocrystal particle size distribution data suggests that no more than 1 %w of the particles would fall into
the size range below 20 to 30 nm for the smallest average particle size, i.e., experiment No. 8.

Table 6. Estimated relative amount of the amorphous content (Wamorph,z) for experiments No. 5 and 8 considering
the whole particle size distribution and a different number of layers of unit cells (Z).

Amorphous content Wamorph,z / %
Experiment No. Particle size xs03 / nm

Z=1 z=2 Z=3
5 111 6.3 12.3 17.9
8 79 9.0 17.4 25.1

The difference between the estimated intrinsic surface amorphicity for a single amorphous layer and the
calculated amorphicity based on XRPD measurements is only about a factor of 2 to 4 for nanocrystals and is
therefore reasonable, see experiment No. 5 and 8 in Table 5 and Table 6. However, it is more prudent to
assume that the high curvature of the nanocrystal particles might impact the crystal structure deeper than
just the mere surface and at least 1 or 2 additional layers are affected. Indeed with Z=3, there is a good match
between calculated and measured amorphous content. It should be kept in mind that a depth of three unit
cells would only correspond to about 3.3 nm.

On the other hand, the large discrepancy between XRPD measurements and the estimation for the
micron-sized coarse crystals by a factor of 27 is striking, see experiment No. 1 in Table 5. The material was
processed by dry jet milling. This process is operated in a gaseous atmosphere and breakage is obtained by
elastic and elastic-plastic deformation. Therefore, damaged material may be able to recrystallize by its
intrinsic properties and elevated surface temperature from the moving crack. In contrast, nanocrystals were
manufactured by wet-media milling, which is operated in a liquid medium and breakage can be assumed to
take place for submicron-sized particles by plastic deformation. Damaged material may be able to
recrystallize by its intrinsic properties but also by solubilization and precipitation at the solid-liquid interface
[81]. Unfortunately, the interplay of the different phenomena and resulting product properties is not
understood for dry-jet milling and wet-media milling. However, considering the theoretical model outlined
earlier, the obtained results for dry-jet milled particles suggest an amorphous surface layer of about 32
surface layers of unit cells or a depth of 35 nm. Alternatively, it can be hypothesized that the X-rays penetrate
the crystal as a whole and the resulting pattern might also contain contributions from dislocations and grain
boundaries within the crystals, thereby possibly giving rise to an elevated estimate of the amorphous content
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without an increased intrinsic surface amorphicity.

Experimental results for apparent solubility

The apparent solubility was experimentally determined (sappexp) for all polydisperse nanocrystal
suspensions listed in Table 2 in pH 3 citrate buffer for Do = 8.9. In addition, the apparent solubility was
experimentally determined for a wide range of Do values from 2.7 to 179 for the nanocrystal suspension with
Xs0,3 =111 nm in pH 3 citrate buffer. Table 7 summarizes the results of both sets of experiments. The relative
difference for the duplicate analysis of all samples was identified with a maximum of 4 %, highlighting the
satisfactory analytical precision of the established apparent solubility values, particularly taking into
consideration the challenging nanocrystal separation step.

For different particle size distributions with a constant Do, a systematic increase of the apparent solubility
with decreasing median nanocrystal particle size xsq3is observed, as described by the Ostwald-Freundlich
equation. The apparent solubility increases from the initial coarse crystal suspension to the finest nanocrystal
particle size distribution by almost a factor of 2. As a general point, the determined increase of the apparent
solubility compared to the thermodynamic solubility is a matter of true supersaturation for this specific drug-
stabilizer system. The increase in apparent solubility by almost a factor of 2 is significantly higher compared
to so far reported values [8,43-46]. This is reasonable due to the significantly finer drug particle size
distributions evaluated in this study. It can be noted that the increase in apparent solubility with decreasing
particle size becomes significant for the studied drug compound only for xsg3 << 1 um. The characteristic
particle size where the increase of apparent solubility due to the decrease of particle size becomes significant
depends on the specific drug-stabilizer system. This includes the finest particle size and the related amount
of fines of the drug particle size distribution, the interfacial energy between solid and liquid oy, the drug
molar volume V4, and the stability of the supersaturation regarding precipitation and Ostwald ripening. The
definition of a general particle size threshold, below which solubility increases due to decreasing particle size
becomes significant, is therefore not possible. Instead, this question must be evaluated for each specific drug-
stabilizer system.

Interestingly, a dependence of the apparent solubility on Do is identified for the same nanocrystal particle
size distribution, see experiments No. 9 to 15 in Table 7. While the apparent solubility increases notably with
increasing Do in the lower Do range up to a value of Do = 18, a plateauing is observed for the higher Do range.
The Ostwald-Freundlich equation considering xso,3 alone is not sufficient for the explanation of this behavior,
as the entire particle size distribution and its evolution during dissolution need to be considered. While for
systems with x > 1 um, an increase in Do only results in an increase of available liquid-solid surface area for
dissolution and thereby faster dissolution kinetics, the implications for systems with x << 1 um are more
complex, finally impacting not only the available liquid-solid surface area but also the shape of the particle
size distribution at the end of the dissolution process and thereby the resulting apparent solubility. A
simplified thought experiment might facilitate the understanding of the observed behavior. For two
theoretical scenarios with Do values of 3 and 20, the dissolved solids at equilibrium will be roughly 1/3 and
1/20, respectively. Assuming that the small particles dissolve first due to their size and increased apparent
solubility, the smallest remaining particle after dissolution would correspond to xs333and xs3, respectively,
neglecting, for now, the size reduction of those particles during the dissolution process. Since xs3 < X333, the
measured apparent solubility for the scenario with Do = 20 is expected to be higher compared to Do = 3.
Other studies have also varied Do in different scenarios [31,54]. However, the complex implications of this
parameter were not always fully considered.
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Table 7. Experimental results for apparent solubility (sapp,exp) for polydisperse particle size distributions according
to Table 2 as determined by high-pressure liquid chromatography (HPLC) in dissolution media of pH 3 at 22 °C.

Experiment Solids amount Dose number Particle size Solubility in pH 3
No. m/g Do /- Xs03 / nm Sapp,exp / Mg/L
1 0.25 8.9 2443 30.3
2 0.25 8.9 261 34.9
3 0.25 8.9 201 39.8
4 0.25 8.9 140 48.1
5 0.25 8.9 111 49.9
6 0.25 8.9 93 53.9
7 0.25 8.9 90 52.6
8 0.25 8.9 79 55.7
9 0.075 2.7 111 41.6
10 0.125 4.5 111 47.2
11 0.25 8.9 111 49.9
12 0.5 18 111 51.3
13 1.25 45 111 51.9
14 2.5 89 111 52.1
15 5 179 111 52.5
Numerical model

The interfacial energy between solid and liquid remains an unknown parameter since there are no
analytical techniques available to directly characterize the interfacial energy between drug nanocrystals in
suspension that contains stabilizers absorbed on its surface and the aqueous liquid media containing
solubilized stabilizers. The neat drug substance was characterized utilizing the drop shape analysis method
in an attempt to identify a plausible range for the interfacial energy by which a surface free energy of
65.5 + 5.5 mJ/m? was determined, comprised of a disperse part of 49.5 + 1.1 mJ/m? and a polar part of
16.0 + 4.5 mJ/m?. The complementary analysis by Inverse Gas Chromatography resulted in a disperse part of
the interfacial energy of 55 mJ/m?. It can therefore be concluded that the interfacial energy o5 between drug
nanocrystals and the liquid dissolution media can be estimated to be considerably below 65 mJ/m?, due to
the action of interfacial energy reducing stabilizers.

Systematic calculations were carried out with selected interfacial energies in the range below 65 mJ/m?
to select interfacial energy for the numerical calculation. A comparison of the experimentally determined
apparent solubility from polydisperse particle size distribution, according to experiments No. 1to 8 in Table 7,
with the theoretical apparent solubility calculated analytically using equation (4) assuming a monodisperse
particle size for selected interfacial energies is displayed in Figure 7(a). The median particle size xso3 was
selected as the monodisperse particle size x for the calculations. The calculated theoretical apparent
solubility significantly underpredicts the experimentally determined apparent solubility for all selected
interfacial energies demonstrating the clear limitations of assuming a monodisperse particle size and
neglecting the change of particle size distribution during dissolution for a drug-stabilizer system containing

drug particles with a particle size well below 1 um.

Figure 7(b) shows a comparison of the experimentally determined apparent solubility from polydisperse
particle size distribution, according to experiments No. 1 to 8 in Table 7, with the theoretical apparent
solubility calculated using the established numerical model and selected interfacial energies. The
experimentally determined and calculated apparent solubility is plotted against the median particle size xsos.
The consideration of the entire particle size distribution and its change during the dissolution process until
the apparent solubility reaches equilibrium allows an appropriate description of the experimental data. The
best agreement between experimental and calculated theoretical apparent solubility is found for interfacial
energy of 30 mJ/m?, which was selected for all further calculations. Interestingly, the determined interfacial
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energy is in good agreement with the selected interfacial energy by Jinno et al. [83].
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Figure 7. Experimentally determined apparent solubility (sapp,exp) Of polydisperse particle size distributions
according to Table 7 in pH 3 dissolution media at constant ratio of drug/dissolution media (Do = 8.9) vs
theoretical calculated apparent solubility (sapp,th) for selected interfacial energies plotted against particle size.

(a) Comparison of theoretical apparent solubility (sapp,tn) With monodisperse particle size x = xs0,3 using
analytical calculation (equation (4)) vs experimentally determined apparent solubility (Sapp,exp) With
polydisperse particle size distribution. (b) Comparison of theoretical apparent solubility (sapp,:n) with

polydisperse particle size distributions according to Table 2 using numerical calculation vs. experimentally
determined apparent solubility (sapp,exp) With polydisperse particle size distribution.

In addition to the results reported in Table 7 for the apparent solubility determined in pH 3 citrate buffer,
the apparent solubility was experimentally determined for 0.01 M hydrochloric acid pH 2 solution and pH 4.5
sodium acetate buffer, using partly the same but also additional nanocrystal suspensions (data not shown),
while maintaining comparable Do values. Figure 8 displays the experimentally determined apparent solubility
for all three dissolution media in comparison to the theoretical apparent solubility calculated by the
numerical model using interfacial energy of 30 mJ/m?. The data set demonstrates the applicability of the
model to various aqueous dissolution media with different levels of thermodynamic solubility across about
two orders of magnitude. The relative change in solubility s/so as described by equation (4) is the same for
any media, independent of the absolute value of the thermodynamic solubility if Do is kept constant.
Consequently, the relative change of apparent solubility shown in Figure 8 is the same for all three
investigated dissolution media. It should be particularly highlighted that the experimental and calculated
results are quite conclusive according to the Noyes-Whitney/Nernst-Brunner and Ostwald-Freundlich
equations. Interestingly, the results obtained for apparent solubility against drug particle size, see Figure 7,
coincide in trend with the results obtained on the hypothesized intrinsic amorphous surface layer, see Figure
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3(b) and Table 3. A potential relationship between the increase in apparent solubility and the increase of the
hypothesized intrinsic surface amorphicity was not further investigated in this study.
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Figure 8. Experimentally determined apparent solubility (sapp,exp) Of polydisperse particle size distributions in

pH 2, pH 3 and pH 4.5 dissolution media vs theoretical calculated apparent solubility (sapp,th) for polydisperse

particle size distributions according to Table 2 and interfacial energy of 30 mJ/m? using numerical calculation
with representation against median particle size xso,3.

A comparison of the experimentally determined apparent solubility from the same polydisperse particle
size distribution (xso3 = 111 nm), applying different Do values according to experiments No. 9 to 14 in Table 7,
with the theoretical apparent solubility calculated by the established numerical model is shown in Figure 9.
Using the fitted width of the PSD o = 0.51, the calculated apparent solubility increases with increasing Do
values comparable to the observations for the experimental data, demonstrating that the numerical model
can successfully capture this behavior, which would not be possible by assuming a monodisperse particle
size. However, while the experimental data form a distinct plateau, the calculated apparent solubility keeps
increasing and levels off much slower. For the calculation the interfacial energy value of 30 mJ/m2 was used,
which was obtained by fitting data from experiments No. 1 to 8 with a fixed Do = 8.9. For lower Do values,
the numerical model seems to underpredict the apparent solubility while overpredicting for higher Do values.
Potential root causes for the observed discrepancy include: 1) no consideration of particle morphology
(assumption of spherical particles), 2) uncertainty on experimentally determined and fitted particle size
distribution, especially regarding the overestimation of the fine fraction.

Of these two potential root causes, the latter was investigated by systematic variation of the particle size
distribution at constant median particle size xso3. The standard deviation of the log-normal distribution
function (o) was varied from the value of 0.51, determined by fitting the log-normal distribution to the
experimental data, to selected values of 0.4, 0.3, 0.2, 0.1 and 0.0001, artificially mimicking narrower particle
size distributions and eventually a monodisperse system. The obtained calculated results are also plotted in
Figure 9.

The lower the standard deviation, the lower the amount of the fine fraction, which is relevant for achieving
supersaturation. Hence, the calculated apparent solubility decreases for decreasing standard deviations. A
more pronounced plateau can be seen when the standard deviation reaches the artificial value of 0.3, which
is in better agreement with the experimental data. For the monodisperse system (o = 0.0001), the apparent
solubility first decreases with increasing dose number before stabilizing at a constant value. For low dose
numbers, the monodisperse particle size notably decreases during the dissolution process, leading to an
increase in the apparent solubility. With increasing dose number, the decrease of the particle size and

272 @) |



ADMET & DMPK 10(4) (2022) 253-287 Modeling of drug nanocrystals dissolution

respective increase of the apparent solubility becomes smaller. Most importantly, these observations
emphasize the high relevance of the particle size distribution as an input parameter for the calculation of the
apparent solubility. An exact characterization of the drug particle size distribution, especially its fine fraction,
is therefore paramount to model its dissolution behavior more accurately.

For this investigation, the experimental data from PCS measurements had to be further processed by
fitting them to a log-normal distribution function and extrapolation below xi03 introducing significant
uncertainty. In fact, it can be seen in Table 2 that already the xi103 value is systematically underpredicted by
the fitted log-normal distribution function. This leads to an overestimation of the fine fraction in the
numerical calculation, which leads to an overestimation of the calculated apparent solubility, especially for
high Do values. Furthermore, the assumption of a log-normal shaped distribution function might not be ideal
for the nanocrystal systems and fails to accurately describe the lower end of the true particle size distribution.

The accuracy of the numerical model and its capability to describe the dependence of the apparent
solubility on Do could be further increased by improving the quality of the input data. Analytical
centrifugation coupled with appropriate interpolation for sufficient discretization might be a better-suited
method to describe the particle size distributions of nanocrystal systems.

80
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Figure 9. Experimentally determined apparent solubility (sapp,exp) for a polydisperse particle size distribution
(particle size xs0,3 = 111 nm) with different ratio of available solids to thermodynamically soluble amount (Do)
vs calculated apparent solubility (sapp,:h) for polydisperse particle size distribution with median particle size
xs03 = 111 nm with a fitted standard deviation of the particle size distribution (o) of 0.51 and selected
standard deviations of 0.4, 0.3, 0.2, 0.1 and 0.0001 with interfacial energy 30 mJ/m? and different ratio of
available solids to thermodynamically soluble amount (Do) using numerical calculation.
Nevertheless, for this study, the fitted particle size distributions, as reported in Table 2, are used for
further calculations without any artificial adjustment. A reasonable error of < 10 % between experimental
and calculated apparent solubility is found for Do < 18, which is considered appropriate for further

calculations. For most calculations carried out in this study, Do < 18 is fulfilled.

Since a true supersaturation is obtained during the dissolution of ultrafine drug nanocrystal particle size
distributions for a solid drug amount at Do >1, subsequent precipitation/crystallization and decrease of the
apparent solubility over time to the level of the thermodynamic solubility by way of Ostwald ripening would
be a matter of concern. For this drug-stabilizer system, however, stability studies with selected drug
nanocrystal suspensions have shown good stability on the level of supersaturation at 22 °C over several weeks
with a decrease of the measured apparent solubility of less than 10 %.
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Modeling results for in vivo dissolution

Human gastrointestinal physiology is a complex interplay of different factors. Recent advances highlighted
the dynamics within the gastrointestinal tract and the relevance of the parameters fluid volume and pH, and
their related variabilities [84-86]. Modeling approaches are valuable and efficient to experiment in silico the
complexity of different scenarios of formulation-gastrointestinal parameter combinations, provided the
validity of the model. Different formulations and in vivo scenarios were selected to calculate the dissolution
behavior using the established numerical model, representing a simplistic, closed system neglecting any
further in vivo relevant process, i.e., the evolution of fluid parameters and permeation of the drug. A fluid of
pH 2 and a minimum volume of 20 mL and a maximum volume of 250 mL were selected to represent the
variability of the fasted state of the gastrointestinal tract [84-86]. A fluid of pH 3 and 4.5 and a minimum
volume of 250 mL and a maximum volume of 900 mL were selected to represent the variability of the fed-
state of the gastrointestinal tract [84-86]. The formulation parameters solid drug amount, respectively dose
strength and nanocrystal particle size distribution were investigated, which represent typical configurable
variables in drug development. The solid drug amount, respectively dose strength, was selected to 25 and
100 mg. Different drug nanocrystal particle size distributions were selected according to experiments No. 1,
2,5and 8in Table 2.

Figure 10 shows the in silico dissolution results obtained for the selected fasted-state parameter
combinations. Figure 10(a) shows the dissolved mass fraction and Figure 10(b) the related concentration at
equilibrium. The obtained in silico results for the selected fed-state parameter combinations are shown in
Figure 11(a) for dissolved mass fraction and in Figure 11(b) for the related concentration at equilibrium. The
drug nanocrystal particle size distributions are reported by median particle size xso3. The dissolved mass
fraction increases with decreasing Do (increasing fluid volume and decreasing dose strength) and with
decreasing pH, due to the pH-dependent solubility (compare also Figure 8) of the investigated compound,
see Figures 10(a) and 11(a). In addition, different nanocrystal particle size distributions show a notable impact
on the dissolved mass fraction, yielding higher dissolved mass fractions with decreasing particle size. The
values increase up to a factor of about 2 in accordance with the results reported above. Obviously, no impact
from different nanocrystal particle size distributions is observed for scenarios with Do < 1, where the
thermodynamically soluble amount is equal or higher compared to the dose strength, see 25 mg dose
strength in 250 mL fluid of pH 2, Figure 10(a) and 25 mg dose strength in 900 mL fluid volume of pH 3, see
Figure 10(a). When looking at the concentration at equilibrium, see Figures 10(b) and 11(b), the effect of Do
becomes visible (compare Figure 9). Although the dissolved mass fraction is lower for higher Do, the resulting
concentration at equilibrium is generally increasing with Do. These in silico dissolution results are relevant
for the in vivo performance since the concentration acts as a driving force for drug permeation. Consequently,
the relative increase of solubility due to decreasing particle size and increasing Do may help elevate drug
permeation and associated bioavailability.
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Figure 10. Calculated results for in vivo fasted-state scenarios of drug nanocrystal particle size distributions
with xs0,3 of 2443 nm, 261 nm, 111 nm and 79 nm according to Table 2, dose strengths of 25 mg and 100 mg
in 20 mL and 250 mL fluid of pH 2. (a) Calculated results for dissolved mass fraction. (b) Calculated results for

concentration at equilibrium.
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Figure 11. Calculated results for in vivo fed-state scenarios of drug nanocrystal particle size distributions with
Xs0,3 0f 2443 nm, 261 nm, 111 nm and 79 nm according to Table 2, dose strengths of 25 mg and 100 mg in
250 mL and 900 mL fluid of pH 3 and pH 4.5. (a) Calculated results for dissolved mass fraction. (b) Calculated
results for concentration at equilibrium.

The true supersaturation identified for this drug-stabilizer system at realistic in vivo conditions for
ultrafine drug nanocrystal particle size distributions administered under conditions with Do >> 1 emphasizes
the relevance for potential bioavailability improvement. The importance of supersaturation to promote drug
permeation and in vivo absorption is extensively outlined in the context of amorphous solid dispersions as
an alternative enabling formulation to improve the bioavailability of poorly-soluble drugs for oral
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administration [87-89]. Therefore, supersaturation by drug nanocrystals may contribute to bioavailability
improvement in addition to the generally accepted factor of dissolution rate improvement by the increase of
drug nanocrystal-specific surface area. Further mechanisms to promote potential bioavailability gains from
ultrafine drug nanocrystals are adhesion to the gut wall and the penetration of drug particles of 20 to
100 nm [90]. However, the understanding of these further mechanisms is limited [90] and they are not
subject to the present investigation.

Modelling results for in vitro dissolution

Further in silico studies were conducted to investigate the dissolution behavior of drug nanocrystals during
in vitro dissolution testing. A standard dissolution test set-up of 900 mL dissolution media with pH 2, 3 and
4.5 was considered. The formulation parameters solid drug amount, dose strength of 25 and 100 mg and
various nanocrystal particle size distribution were selected according to experiments No. 1,2, 5 and 8 in Table
2. The calculated results are shown in Figure 12 for the resulting concentration at equilibrium. For scenarios
with Do < 1, all drug particles dissolve, i.e., pH 2 for 25 and 100 mg and pH 3 for 25 mg, reaching 100 % drug
dissolution. For scenarios where Do >> 1, only partial drug dissolution can be achieved, which depends on
the drug nanocrystal particle size distribution, as seen in the in vivo investigations. Thus, dissolution testing
under conditions with Do >> 1 enables the distinction between formulations containing different drug
nanocrystal particle size distributions.

» 100 ¥ Xs0,3 = 2443 nm
b 80 Xs0,3 =261 nm
€ Xsoi3 = 111 nm
2 60 X50,3 = 79 nm
o
®
5 40
g _ —_—
e 20
8

0

pH2 pH3 pH4.5 pH2 pH3 pH4.5
(Do=0.14) (Do=1) (Do=8.4) (Do=0.56) (Do=4) (Do = 34)

Dose strength 25 mg Dose strength 100 mg

Figure 12. Calculated results for resulting concentration at equilibrium state for in vitro dissolution scenarios
of drug nanocrystal particle size distributions with xso;3 of 2443 nm, 261 nm, 111 nm and 79 nm according to
Table 2, dose strengths of 25 mg and 100 mg in 900 mL dissolution media of pH 2, pH 3 and pH 4.5.

The established numerical model was further utilized to investigate the dissolution kinetics of drug
nanocrystals. Figure 13(a) and (b) show the evolution of concentration over time for different drug
nanocrystal particle size distributions according to experiments No. 1 to 5 and 8 in Table 2 for constant
dissolution conditions of 100 mg dose strength in 900 mL dissolution media of pH 3 with Do = 4. Most notably,
there is a big difference between the dissolution kinetics of the coarse crystal suspension with a median
particle size xso3 of 2443 nm and all other drug nanocrystal suspensions with median particle sizes xso3 of
258 nm or lower. Ultrafine drug nanocrystal particle sizes result in rapid dissolution kinetics and reach the
equilibrium state almost instantaneously after only a few seconds. It should be highlighted that the rapid
dissolution is caused by the combination of increased specific surface area and increased apparent solubility,
both due to the very fine particle sizes. In addition, the concentration at equilibrium state scales with

decreasing particle size distribution.

Due to the rapid dissolution kinetics, it is challenging for standard in vitro dissolution testing under sink
conditions to discriminate between different particle size distributions containing ultrafine drug nanocrystals.
Observed differences in dissolution kinetics of drug products containing drug nanocrystals of different
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particle sizes, must therefore be related to other functional properties of the drug product, i.e., disintegration
and dispersion.
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Figure 13. Calculated results for the evolution of concentration for in vitro dissolution scenarios of drug
nanocrystal particle size distributions with xs0,3 of 2443 nm, 261 nm, 201 nm, 140 nm, 111 nm and 79 nm
according to Table 2, 100 mg dose strength in 900 mL dissolution media of pH 3 and Do = 4. (a) Calculated

results for full dissolution of all scenarios. (b) Calculated results identical to (a) but highlighted for the initial
time period.

The initial particle size distribution at t = 0 and the resulting particle size distribution at equilibrium are
shown in Figures 14(a), (b) and (c) for drug nanocrystals with median particle size xso3 of 2443 nm, 201 nm
and 79 nm, see experiment No. 1, 3 and 8 in Table 2. The biggest change in the shape of the particle size
distribution is seen for the finest drug nanocrystals, where the fine fraction is notably reduced, see
Figure 14(c). On the other hand, the shape of the coarsest crystal suspension remains almost unchanged, see
Figure 14(a). This is caused by the relative difference in apparent solubility of the particles at the lower and
upper end of the particle size distribution, which is more pronounced for smaller particle sizes. Hence, the
smallest particles dissolve much faster than the coarser particles, resulting in a change in the shape of the
particle size distribution. This emphasizes once more the need to consider the entire particle size distribution
by a time-resolved calculation. It should be noted that the smallest still remaining particle size at the end of
the dissolution correlates directly to the calculated concentration at equilibrium.

Figure 15 shows the change in concentration over time for the drug nanocrystals with median particle size
Xs0,3 of 111 nm at Do values from 1 to 100. Naturally, the dissolution kinetics is faster for higher Do values
since the more absolute surface area is available for dissolution. In addition, an increased amount of fine
fraction is present, which dissolves faster due to increased apparent solubility, which further enhances the
dissolution rate and results in a notable increase of the resulting concentration at the equilibrium state.

The initial particle size distribution at t = 0 and the resulting particle size distribution at equilibrium are
shown in Figures 16(a), (b) and (c) for Do numbers of 1, 4 and 40 for drug nanocrystals with median particle
size xso3 of 111 nm. For Do = 1 all material dissolved, hence no resulting particle size distribution is shown,
see Figure 16(a). For increasing Do, the change in the shape of the particle size distribution decreases. While
a notable change is seen with Do = 4, barely any change is observed with Do = 40. Similarly, as observed
before, the change of shape of the particle size distribution is the biggest for the fine fraction due to increased
apparent solubility and the smallest still remaining particle size at the end of the dissolution correlates
directly to the apparent solubility at the equilibrium state.

doi: http://dx.doi.org/10.5599/admet.1437 277



http://dx.doi.org/10.5599/admet.1437

Bonhoeffer et al.

(a)
1.0

0.8
0.6
0.4
0.2
0.0

Distribution sum Q3 / -

(b) 1.0
0.8
0.6
0.4
0.2

0.0

Distribution sum Q3 / -

(c) ;I 1.0
0.8
0.6
0.4
0.2
0.0

Distribution sum Q

10

10

10

100

100

1'000
Particle size / nm

1'000

Particle size / nm

100

1'000

Particle size / nm

10'000

10'000

10'000

ADMET & DMPK 10(4) (2022) 253-287

particle size
distribution at t=0

------- particle size
distribution at
equilibrium state

100'000

particle size
distribution at t=0

particle size

distribution at
equilibrium state

100'000

particle size
distribution at t=0

——————— particle size

distribution at
equilibrium state

100'000

Figure 14. Calculated results for the evolution of nanocrystal particle size distributions for in vitro dissolution
scenarios with 100 mg dose strength in 900 mL dissolution media of pH 3 and Do = 4, corresponding to
Figure 12. (a) xs0,3 = 2443 nm. (b) xs03 = 201 nm. (c) xs0,3 = 79 nm.
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Figure 15. Calculated results for the evolution of concentration for in vitro dissolution scenarios for drug
nanocrystal particle size distributions xso3 = 111 nm according to Table 2 in 900 mL dissolution media of pH 3
with different ratios of the available solid drug to the thermodynamically soluble amount Do of 1, 2, 4, 10, 40
and 100.
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Figure 16. Calculated results for the evolution of nanocrystal particle size distributions for in vitro dissolution
scenarios with initial particle size xs0,3 =111 nm in 900 mL dissolution media of pH 3 corresponding to Figure
12.(a) Do = 1. (b) Do = 4. (c) Do = 40.

Conclusions

Nanocrystals with different particle size distributions were manufactured for a drug compound with
constant formulation composition utilizing wet media milling technology with an industrially applicable
process design. The finest manufactured size distribution resulted in a particle size x10 / Xso / x50 of 47 / 79/
133 nm. High magnification microscopy even showed ultrafine nanocrystals with an almost sphere-like shape
of about 20 nm. The manufactured nanocrystals are considered crystalline, however, for particles below
200 nm an increasing amount of amorphous content with decreasing particle size becomes detectable and
quantifiable with reflection X-ray powder diffraction up to a maximum of about 20 % amorphous content for
the finest drug nanocrystal particle size distribution. This amorphous content is considered an intrinsic
property and was explained by a simple model estimating the intrinsic surface amorphicity of the
nanocrystals due to the high specific surface area and related small particle size/high curvature. The
experimentally determined apparent solubility of the different nanocrystal particle size distributions showed
consistent results at pH 2, pH 3 and pH 4.5, with a notable increase of the apparent solubility from coarse
micron-sized crystal to ultrafine nanocrystals particle size distribution. The highest supersaturation was
identified for the finest nanocrystal size distribution with almost a factor of 2 compared to the
thermodynamic solubility of the coarse drug compound. An increasing dose number (Do) notably influences
the measured apparent solubility due to the increasing amount of fine fraction available for dissolution.
Interestingly, the results obtained for apparent solubility against drug particle size coincide in trend with the
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results obtained on the amorphous content associated with the intrinsic amorphous surface layer.

The theoretical apparent solubility calculated by the established numerical model for drug nanocrystal
dissolution in comparison to the experimentally determined apparent solubility showed conclusive results.
The assumption of monodisperse particle sizes for calculation failed to describe the experimentally
determined apparent solubility for the polydisperse nanocrystal particle size distributions by notably
underpredicting the experimental values, as well as the inability to describe the influence of the dose
number. The consideration of the entire particle size distribution and its evolution over time is essential to
reliably and accurately describe the dissolution behavior of nanocrystals. The developed numerical model
according to the Noyes-Whitney / Nernst-Brunner and Ostwald-Freundlich equations, including the plausible
value for interfacial energy of 30 mJ/m? is conclusive and is deemed to be accurate up to Do < 18 with a
reasonable error of < 10 % between experimental and calculated apparent solubility for the investigated drug

stabilizer system.

The presented numerical model can be utilized to describe the dissolution behavior of other
nanoparticulate compounds. To adjust the model to a compound of interest, the compound-specific
properties density, molar volume and thermodynamic solubility in the medium of interest as well as the
sample-specific particle size distribution, are required. In addition, a few experimental data points for the
apparent solubility of samples with different particle size distributions are needed to determine the
interfacial energy by fitting.

In silico dissolution studies were conducted with the numerical model for selected in vivo and in vitro
scenarios to simulate the complexinterplay between drug nanocrystal particle size distribution, drug amount,
dissolution media and volume, and resulting temporal progression of concentration during dissolution up to
equilibrium state as well as remaining drug particle size distribution, if any. It has been shown that ultrafine
drug nanocrystal particle sizes result in rapid dissolution kinetics, caused by increased specific surface area
and increased apparent solubility, and in reaching an almost instantaneously equilibrium state after only a
few seconds. The highest equilibrium concentrations are obtained for Do >> 1 and ultrafine drug nanocrystal
particle size distributions. The numerical model offers the possibility to easily calculate and flexibly adjust the
scenario to any in vivo and in vitro application of interest. The calculated results illustrate the impact of the
configurable formulation variables nanocrystal particle size distribution and dose strength on the obtained
dissolution kinetics and supersaturation level in a given dissolution medium and volume. This is of vital
importance for industrial product and dissolution method development since increased dissolution kinetics
and supersaturation are generally accepted contributing factors for potential oral bioavailability
improvement.
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o, B,y angles of the unit cell’s axis

6 diffusion boundary layer thickness
n dynamic viscosity of the liquid

o density

o] standard deviation
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Osl interfacial energy between solid and liquid phase
a,b,c length of the unit cells axis

A surface area

AM amount of amorphous surface layer

C concentration in the liquid phase

cps counts per second

D diffusion coefficient

Dcell diameter of the crystallographic unit cell

Do Dose number, ratio of available solids to thermodynamically soluble amount
i index, number of particle class

j index, number of iterations

ks Boltzmann constant

m mass

NIST National Institute of Standards and Technology
r particle radius

R universal gas constant

Ro hydrodynamic radius of diffusing particles

s solubility

So thermodynamic solubility

Sapp apparent solubility

Sapp,exp experimentally determined apparent solubility
Sapp,th theoretical, calculated apparent solubility

SRM Standard reference material

t time

At time step

T Temperature

Veell volume of one unit cell

Vi Volume of the liquid

Vm molar volume of dissolving compound

Wamorphxrep ~ Calculated amorphous content by XRPD measurement
Weryst XRPD calculated crystalline content by XRPD measurement

Wamorph,z calculated amorphous content for number of layers of unit cells by model

X particle size

y number of particle size classes that can further dissolve

z depths of amorphous surface layer, expressed in layers of unit cells
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