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Abstract

Non-isothermal differential scanning calorimetry was used to study the influences of
particle size and mechanically induced defects on the recrystallization kinetics of amorphous
Enzalutamide. Enzalutamide prepared by hot melt extrusion and spray-drying was used as a
model material. The recrystallization rate was primarily accelerated by the presence of the
processing-damaged surface of the powder particles. The actual surface/volume ratio
associated with decreasing particle size fulfilled only a secondary role. Interestingly, higher
quench rate during the extrusion led to a formation of thermally less stable material (with the
worse stability being manifested via lower activation energy of crystal growth in the
amorphous matrix). This can be the consequence of the formation of looser structure more
prone to rearrangements. The recrystallization kinetics of the prepared Enzalutamide
amorphous materials was described by the two-parameter autocatalytic kinetic model. The
modified single-curve multivariate kinetic analysis (optimized for the data obtained at heating
rate 0.5°C-min™) was used to calculate the extrapolated kinetic predictions of long-term
isothermal crystal growth. The predictions were made for the temperatures from the range of

drug shelf-life and processing for each particle size fraction. By the combination of the mass-

weighted predictions for the individual powder fractions it was possible to obtain a very
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reasonable (temperature-extrapolated) prediction of the crystallization rate for the as-prepared
unsieved powdered amorphous Enzalutamide.

Keywords: amorphous drug; Enzalutamide; recrystallization; prediction; particle size

1. Introduction

Enzalutamide is one of the recently developed androgen receptor antagonist for the
treatment of castration-resistant prostate cancer (CRPC) (Chen et al., 2004; Tran et al., 2009;
Jung et al., 2010). This new nonsteroidal antiandrogen shows significantly higher affinity
(~ 10 times) to the androgen receptors and exhibits a very favorable toxicity profile (C. Tran
et al., 2009)). This makes Enzalutamide a promising substitute for the former generation of
CRPC drugs (currently available as XTANDI (Roseler, 2015)). In order to increase the
aqueous solubility and bio-availability (Rams-Baron et al., 2018), the API (active
pharmaceutical ingredient) is being considered for utilization in its amorphous form. For the
majority of nowadays developed APIs, the biopharmaceutical properties such as e.g.
dissolution characteristics, stability in the physiological fluids, permeability and metabolism
by gastrointestinal enzymes are highly cruical (Jung et al., 2010; Jemal et al., 2006; Tyrrel,
1998; Chen et al., 2004; Tran et al., 2009). One of the most common approaches to enhance
the dissolution characteristics is the conversion of the API into amorphous/glassy form
(Schittny et al., 2020). However, the amorphous state is not associated only with benefits -
e.g. the faster dissolution rates (Jung et al., 2010; Zhou et al., 2003) or approx. 10 - 1500x
higher water-solubility (Hancock and Zografi, 1997) due to the lower intermolecular forces
compared with their crystalline counter parts). It comes also with a major flaw — the lower
thermal stability — which unfavorably influences the drug shelf-life and processing options.

Note that the dissolution rates of solid dispersions of amorphous and crystallized
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Enzalutamide in hydroxypropyl methylcellulose and copovidone were recently tested in vitro
and in vivo (Wilson et al., 2018).

In the past decades, a lot of active research took place with regard to the amorphous
pharmaceutical solids and their stability against recrystallization, including both the crystal
growth above and below the glass transition temperature (Tg) (Yu, 2001; Bhugra and Pikal,
2008; Janssens and den Mooter, 2009; Bhattacharya and Suryanarayanan, 2009; Sun et al.,
2012). A considerable number of the recrystallization studies is nowadays being performed by
using the non-isothermal differential scanning calorimetry (DSC). But only recently, see
(Romanova et al., 2018), very few satisfactory predictions towards the below-Tg crystal
growth could be made based on the DSC data. It was shown in that paper (the study was
performed for Enzalutamide) that by considering the temperature-based evolution of the
above-T4 non-isothermal recrystallization Kinetics a correct prediction of the degree of
amorphous-to-crystalline conversion can be made for the temperatures (storage) below the
glass transition temperature. Due to the simplicity and rapidity of the DSC measurements, the
approach presented in this paper appears to be a very promising route for
complementing/replacing the time-consuming stability tests (Laitinen et al., 2013).

The present study will continue the research presented in (Romanova et al., 2018),
exploring the influence of different preparation routes (hot melt extrusion to different
temperatures + spray drying) on the thermal stability and crystal growth processes in the
amorphous Enzalutamide. The study aims to quantify the influence of particle size, storage
temperature and storage conditions on the recrystallization kinetics. We also plan to develop
the corresponding methodologies to appropriately account for these influences. The
investigated particle size distribution will cover the usual range found in pharmaceutical

applications.
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2. Experimental

Three batches of amorphous Enzalutamide were prepared from the crystalline R1
polymorphic form (Zentiva Group, k.s., Czech Republic). The first two batches were
produced by the hot-melt double-screw extruder HME (Three-Tec, GmbH, Seon,
Switzerland), with conditions set to approx. 230 °C and 100 rpm. The first batch of the
amorphous material was produced in the standard way, when the molten material solidified at
the laboratory temperature. Preparation of the second batch utilized a heat sink (aluminum
desk) cooled to the temperature of liquid N,. In both cases, macroscopic droplets of glassy
Enzalutamide were formed. These were consequently shortly ground in a ball mill (MM200,
Retsch; 10 Hz, 30 s, ZrO, balls, dry) and then sieved through sieves (Retsch; tapping with no
pressure) with defined mesh size. The following powder size fractions were prepared: 20 —
50, 50 — 125 and 300 - 500 um (note that the 300 - 500 pum particle size is not realistically
utilizable in the pharmaceutic applications and its experimental use in this study was to help
the development of the crystallization models and comparisons). The third batch of
amorphous Enzalutamide was prepared by spray drying in the Blichi Mini Spray Dryer B-290
(inlet 85 °C, aspirator 100 %, pump 20 %, nozzle cleaner 2) — 25 grams were dissolved in
500 ml of methanol (p.a.), the yield was approx. 75 %, the material was dried in a vacuum
dryer at 40 °C for 100 hours. During this time (~ 100 h), the HME-produced materials were
stored at 10 °C in a desiccator. After this time, the characterization of the materials and the
kinetic measurements were performed. At this stage, thermogravimetry (TGA 4000, Perkin
Elmer) measurements were performed at 10 °C-min™ in N, atmosphere, showing no
significant contents of residual solvent (~ 0.08 w.% for spray-dried product) or water (~
0.11 w.% for spray-dried product and 0.29 w.% for HME product). All volatiles were released
below the onset of the crystallization process. Infrared spectroscopy (6700 FTIR

Spectrometer, Nicolet) measurements were performed for the HME-produced and spray-dried
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materials, confirming the similarity of the spectra and indicating (together with no detectable
coloring) that HME did not result in the degradation of Enzalutamide.

The recrystallization kinetics was investigated by the Q2000 heat-flow differential
scanning calorimeter DSC (TA Instruments, New Castle, USA) equipped with an
autosampler, an RCS90 cooling accessory, and T-zero technology. The DSC was calibrated
using In, Zn, and H,O; dry N, was used as purge gas at a flow rate of 50 cm®-min™. Samples
from each Enzalutamide batch/powder fraction were hermetically sealed in low-mass T-zero
DSC pans (thus the measurements were effectively realized in air atmosphere). The average
sample masses were ~2mg. For each Enzalutamide batch/powder fraction a set of
measurements was performed in the form of simple heating scans (always utilizing a fresh as-
prepared sample) at heating rates q* = 0.5, 1, 2, 5, 10 and 20 °C-min™’. The measurements
were performed in the 5 — 220 °C temperature range. Very good repeatability was confirmed
based on the several reproduced measurements.

The amorphous nature of the prepared Enzalutamide materials as well as the similar
identity for the DSC-crystallized products were confirmed by a X'PERT PRO MPD
PANalytical diffractometer equipped with X Celerator detector (2 — 40° 26 range, step 0.01°,
312 s per step, CuKa). The morphology of the as-prepared and DSC-crystalized samples was
investigated using SEM microscope Lyra 3 (Tescan). The nuclear magnetic resonance spectra
of the as-prepared samples were measured via NMR spectrometer Bruker Avance 111 400 WB
(*°F MAS method — 2.5 ps pulses with 4 s delay and 400 repetitions, rotor size 2.5 mm,

spinning rate 30 kHz).

3. Results
Thermokinetic profile of the three Enzalutamide batches was investigated by DSC in

dependence on particle size. Example DSC curves obtained at 10 °C-min™ is shown in Fig.1
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powdering. In the last case, by the defects we mean a simplifying denomination for
amorphous regions with higher energy, such as micro-fractures, sharp edges, internal
mechanical stresses, etc. — these will be for simplicity referred to as “defects” further on. The
internal stresses should however influence the crystallization only slightly because majority of
them should be removed above T, The surface area of the present milled products was not
measured. However, it is obvious that the presence of mechanical defects increase the total
surface area of the particles. A more detailed explanation regarding the correlation between
the particle size and surface-to-volume ratio, and the estimates of the surface/volume ratios
for the present Enzalutamide products can be found in the Supplemental online material.

The larger particles produced by crushing the HME product exhibit a single-peak
behavior, where the crystallization onset shifts to lower temperatures with decreasing particle
size (125 °C — 120°C). The lowest size HME-produced particles show a complex
crystallization with the onset immediately following Tgy. As is well known, crystallization of
organic glasses starts from surface (which is also true for Enzalutamide, as will be
demonstrated later). In our preceding work on Enzalutamide (Romanova et al., 2018) it was
shown that the presence of mechanically induced defects (Svoboda and Brandova, 2017;
Brandova et al., 2018) plays major role in the crystallization process. In case of the lowest
size (20 - 50 um) material, an excessive amount of mechanical defects and fractures
apparently occurs on the surface of the particles. This apparently leads to the acceleration of
the crystal growth process (as demonstrated by the early onset) and diversification of the
crystals morphologies (as indicated by the reproducibly complex set of overlapping
crystallization processes). The diversity of crystal morphologies was confirmed by SEM, as
will be discussed later in this section. Also, the complex crystallization behavior indeed
indicates the presence of multiple kinetic processes — origin and possible attribution of the

kinetic peaks to the particular crystallization processes will be discussed in Section 4.1. The
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spray-dried material has much smaller particle size (0.1 — 1 um, compared to the 20 - 50 um
for HME) and thus much higher surface-to-bulk ratio (approx. two orders of magnitude higher
compared to the 20 - 50 um HME powder; see the Supplemental online material). However,
the spray-dried material exhibits the crystallization (though complex) in the same temperature
range as the coarse HME batches. This implies that it is indeed the mechanically induced
defects produced by ball milling (sharp edges, micro-fractures, internal stresses, etc.) that are
crucial for early initiation of the nucleation and crystal growth. These features are abundant in
case of the mechanically crushed/milled powders but scarce for perfectly spherical particles
produced during the spray drying. This indeed indicates that the crystallization of amorphous
Enzalutamide is largely dominated by crystal growth from the mechanically activated
crystallization centers as compared to the nuclei formed at the flat surfaces during the material
preparation or (in correspondence with the classic nucleation theory) during the DSC heating
experiment. Note that even though the spray-drying and extrusion are conceptually different
preparation processes (bottom-up vs. top-down, respectively). However, considering the
otherwise akin behavior (XRD, NMR, position of T, kinetic parameters, type of
crystallization complexity) it is still safe to say that the influence of the different
manufacturing conditions is much lower than the influence of the massive difference in the
surface-to-volume ratios between the spray-dried product and 20 —50 um powder. In
addition, one can also note the resembling crystallization complexity between the LN,-cooled
20 - 50 um powder and spray-dried particles. This resemblance may correspond to the similar
crystal morphologies occurring in these two cases. It is also noteworthy that, in addition to the
ball-milling, similar particle size fractions were from the HME-produced Enzalutamide
prepared also by grinding with agate mortar and pestle. The DSC, XRD and NMR
measurements of these products were extremely similar to those reported for the ball milled

products in the present study. This indicates that at least for the short milling periods the
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amounts of mechanically induced defects and the approximate surface-to-volume ratios are
quite similar for these two powdering techniques.

The amorphous character of the as-prepared materials was investigated via solid-state
NMR. In Figs. 2A and 2B the NMR spectra of the present substances are shown in
comparison with the arbitrarily prepared mixed “semi-crystalline” powders. The mixtures
were prepared in weight ratios mentioned in Figs. 2A and 2B (1 and 5 w.%). The mixtures
were prepared from the original R1 crystalline Enzalutamide material (used for the
preparation of the amorphous batches) and the fully amorphous material as prepared
previously (Romanova et al., 2018). Whereas the LN,-cooled and spray-dried materials
appear to be amorphous, the air-cooled batch of Enzalutamide seems to contain a low amount
of crystals (well below 1 wt.%). This can be explained by the lower effective cooling rate
being developed during the cooling in air (during slower cooling the nuclei had more time to
grow and form nanocrystallites). Similar investigation was performed also by means of XRD
— see Fig. 2C. As is apparent, the XRD technique is much less sensitive to the low (sub
1 wt.%) amounts of crystalline material, as all three Enzalutamide batches appear to be fully
amorphous compared to the mixed “semi-crystalline” powders. Note that the tests were
performed for the powdered materials in order to check the possible degradation of the
amorphous matrix due to the ball milling procedure - see e.g. (Trasi et al., 2010) where
crystallization behavior of griseofulvin was influenced by the milling process. In the present
case, however, the transfer of mechanical energy did not have impact on the amorphous
character of the powdered product as can be derived from the comparison of the air-cooled
and LNj-cooled NMR spectra shown in Fig. 2A. The X-ray diffraction was also used to
characterize the DSC-crystallized products and to confirm that all three batches of amorphous
Enzalutamide crystallize into the R1 polymorphic form that was originally used for their

preparation — see Fig. 2C. The question of the possible polymorphic transitions was (apart
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from the XRD analyses performed with respect to all main crystallization peaks) ruled out
also based on the uniformity of the observed melting peaks onsets. For more information on
Enzalutamide polymorphs see e.g. (Maini et al., 2018).

Important insight into the crystal growth processes was provided by the scanning
electron microscopy of partially and fully crystallized samples. In Fig.3 the SEM
micrographs of the air-cooled and LN,-cooled HME-produced 20 - 50 um powders are
shown. In the case of the partially crystallized samples (micrographs A and C), the surface of
the powder particles looks relatively similar, with the crystallites in the form of lumps,
nuggets and scales. It is also clear that all crystal growth proceeds from surface. On the other
hand, the fully crystallized samples of the lowest size powders prepared from HME-produced
Enzalutamide (micrographs B and D) show marked differences. Whereas the surface of the
LN,-cooled material looks more-or-less similar to that of partially crystallized powders,
advanced crystallization of the air-cooled material leads to formation of outwards growing
needles, plates and fibers. The dissimilar morphology of secondary crystallites well
corresponds to the marked difference between the shapes of the DSC crystallization signals —
this will be further commented in section 4.1.

In contrast with the low sized powders, the coarse Enzalutamide particles (300 -
500 um) crystallize uniformly regardless of the applied cooling rate during the extrusion (i.e.
air-cooled vs. LN2-cooled). A representative depiction of the surface and cross-section of the
partially crystallized HME-produced material is shown in Fig. 4A. Similar cross-sections
(finely structured surface crystallites growing inwards) and surfaces (relatively smooth with
no outwards-growing formations) were obtained for the air-cooled and LN,-cooled partially
crystallized coarse powders (the same was valid also for fully crystallized coarse powders). In
Fig. 4B the detailed view of the lamellar structure of the surface crystals is shown. Very

rarely, grain-like volume-located crystallites could be found on the cross-section micrographs

10
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of the LN»-cooled partially crystallized coarse powders (see Fig. 4C). These crystallites acted
as the crystallization centers for the secondary growth of rod/fiber-like crystals on the newly
formed (after the fracture of the powder particle) surface. These volume-located crystallite
formations were found specifically in off-broken edges and tips of the large particles, which
would indicate the volume crystallization accelerating effect of the internal micro-fractures
and stresses from fast cooling. However, in that case a similar manifestation would be
expected also for the finely powdered Enzalutamide. Alternative explanation may be that the
volume-located crystallites (or the crystallization centers responsible for their growth)
originate from the extrusion process itself with the particle coming from the original surface
of the HME-processed bulk material. In such case the finely powdered particles would
probably form by chipping off along these micro-cracks, creating a new surface instead of the
volume-located micro-crack. Nonetheless, the scarcity of the volume-located crystalline
structures allows for their neglecting in any evaluations presented in the current paper. Last
micrograph, shown in Fig. 4D, depicts the partially crystalline spray-dried (SD) particle.
Again, the typical scale-like shape of the surface crystallites can be seen.

Correlation between the SEM micrographs and the DSC curves can be found in the
Supplemental online material. Also, for comparison, the SEM micrographs of amorphous

HME-produced and spray-dried samples are shown in the Supplemental online material.

4. Discussion
4.1. Kinetic description

In the present section the influence of the particle size on recrystallization behavior of
the amorphous APIs will be demonstrated by means of the standard kinetic analysis. The DSC
data obtained for the two HME-processed Enzalutamide batches at different heating rates q°

are shown in Fig. 5. As was already mentioned above, the crystallization behavior (and the

11
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associated shape of the DSC curves) drastically changes with applied g*. In case of the coarse
powders, the decreasing q* leads to prolonged crystallization onset tail and the sharply
decreasing high-T side of the crystallization peak. These are the typical zero-order Kkinetics
features characteristic for crystallization of organic glasses (Rams-Baron et al., 2018; Qin and
Ting, 2017; Dobreva et al., 1996) (growth originating strictly from surface, employing high
number of crystallization centers). Note that at high q* the crystallization peaks resemble the
so-called nucleation-growth kinetic behavior (exhibiting characteristic negative asymmetry of
the DSC peak with round top). This resemblance is however most probably the consequence
of thermal gradients resulting in surplus energy favoring certain crystallization centers (as
opposed to the manifestation of the true nucleation-growth JMA Kinetics, where either
surface- or volume-located nuclei formed in accordance with the classic nucleation theory
grow at constant rate while forming symmetric rod-, plate- or sphere-like objects). In case of
the the lowest size powders (both air- and LN-cooled), the crystallization behavior is
complex, manifesting multiple Kinetic peaks. The first crystallization peak has the typical
Johnson-Mehl-Avrami (Johnson and Mehl, 1939; Avrami, 1939; Avrami, 1940; Avrami,
1941) (nucleation-growth JMA) behavior. This indicates that the highly damaged surface
results in preferred crystal growth from the mechanically induced defects that mimic the
nucleation effect from the JMA model. It is also very important to note that the decreasing q*
leads in case of the 20 - 50 um powders to the increased separation of the first crystallization
peak. The separation happens due to the difference in activation energies of the involved sub-
processes, as will be discussed later. This will be crucial for the consequent
extrapolation/prediction of the kinetic behavior to lower (storage or processing) temperatures.
Furthermore, the second crystallization process that is very pronounced in case of the air-
cooled HME material appears to be associated with the surface formation of the outwards

growing needles, plates and fibers as evidenced by SEM microscopy. Regarding the third
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crystallization peak, we assume that it may be associated with the secondary crystallization
(originating at the volume located crystal/glass interfaces) that fills the gaps in-between the
crystallites formed from the defects (first crystallization peak).

In order to quantify the manifestation of the crystallization processes, the kinetic
analysis of the DSC data can be used. The kinetic analysis is based on enumerating the basic
kinetic equation (Sestak, 1984), derived to describe the DSC signal:

O=AH-A-e """ . f(a) (1)
where @ is the measured heat flow, AH is the crystallization enthalpy, A is the pre-
exponential factor, E is the apparent activation energy of the crystallization, R is the universal
gas constant, T is temperature and f(a) stands for an expression of a kinetic model with «
being conversion. The standard methodologies utilized for the kinetic calculations are then
e.g. the Kissinger (Kissinger, 1957) (Eqg. 2) or Starink (Starink, 2003) (Eq. 3) methods for the
determination of E, and the characteristic kinetic functions (Svoboda and Malek, 2011) or the
multivariate kinetic analysis MKA (Opfermann, 2000) (Egs. 4 and 5) for the determination of

the f(«) model function:

q° E
In| - | = ——— +const. 2)
(sz J RT,
q° E 3
In| —; |=-1.0008—— + const. (3)
T, RT,
n Last ,
RSS :Z;k thv-vj'k(Y expj,k—Ycanvk) (@)
j=1 k=First;i
W — 1
b [deydt], |+ deydt] ©)

where Tj, is the temperature corresponding to the maximum of the crystallization peak, T, and
E, are the temperature and activation energy corresponding to certain chosen values of

conversion o, RSS is the sum of squared residue, n is number of measurements, j is index of
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the given measurement, First; is the index of the first point of the given curve, Last; is the
index of the last point of the given curve, Yexpjx is the experimental value of the point k of
curve j, Ycaljx is the calculated value of the point k of curve j and w; is weighting factor for
curve j. The standard model functions f(a) utilized for the crystallization processes then
include the nucleation-growth JMA (Eq. 6) and the autocatalytic AC (Sestak, 1984) (Eq. 7)
models:
f(a)=nll-a)-In@-a)*" (6)
fla)=a"(1-a)" (7)
where n, M and N are the kinetic exponents of the given models.

The results from these evaluation procedures are usually presented in their mean form.
This is demonstrated for the present data in Figs. 6A - 6C and Table 1A, where the results of
kinetic analysis (averaged for all applied q*) are shown in dependence on particle size dayer.
As can be seen, these results exhibit relatively large errors due to the variability of the kinetics
with applied q°. Exemplary demonstration of these trends arises in the case of the
crystallization enthalpy (see Fig. 6A), where the error bars for the overall AH for the 20 -
50 um powders reach almost 40 % of the nominal value. Whereas this is a rather extreme
example, the systematic q*-related errors associated with the other determined quantities and
particle sizes are still significant — the Student’s t-test was used to confirm the statistical
significance of the trends displayed in Figs. 6A - C.

Nonetheless, even the averaged results still provide some meaningful information. The
average crystallization enthalpy is ~ 55 J-g™, not significantly changing with particle size in
the high dawer region with the exception of the lowest size powder materials that exhibit
significantly lower AH ~40 — 45 J-g™*. Note that this is rather a consequence of the high
surface-to-volume ratio compared to the presence of mechanically induced defects. The SD-

produced Enzalutamide exhibits lowest AH despite having minimum processing-related
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defects. The first crystallization process occurring for the 20 - 50 um powders, decisive for
the crystallization tendency, accounts for approx. 20 — 30 % of the overall finest powder size
AH. Note that the crystallization enthalpies indeed correspond to the fully crystalline
materials. We have checked this by performing additional cooling and re-heating steps
following the formation of the crystallization peak (i.e. before the temperature of melting was
reached). No additional crystallization was observed during the cooling step. No T, effect or
crystallization peak were observed during the second heating scan. Examples of these
measurements are included in the Supplemental online material.

The so-called Kissinger plot (Fig. 6B) depicting the dependence of T, on g* shows the
marked accelerating effect of mechanically induced defects (mostly present for the 20 - 50 um
powders) on the crystallization process. Again, note that the SD-produced material with
largely smaller particles (mostly in the range 0.1 — 2 um) crystallizes at significantly higher
temperatures compared to the 20 - 50 um powders, where the surface of particles is however
significantly corrupt. The crystallization complexity of the spray-dried Enzalutamide is also
manifested by switching between the major intensities of the dominant growth sub-processes
— see the two deviated points obtained at highest q*. In addition, also a systematic difference
between the T, values of air-cooled and LN-cooled products is apparent (and statistically
significant), with the air-cooled materials achieving the maximum crystallization rate slightly
earlier (at lower temperature). This is the consequence of the larger number of nuclei being
formed during the slower HME cooling. It is noteworthy that the material thermal
conductivity and thermal gradients can affect the Kkinetics calculated from the DSC
measurements. With regard to the particle size it is generally the low sized powders (that have
large amount of air gaps if multilayered in the DSC pan) that are prone to the influence by the
overall systematic thermal conductivity. On the other hand, the larger particles can suffer

from the delayed heat transfer with the particles themselves. However, the presence of
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thermal gradients is characterized (Svoboda et al., 2020) by a significant curvature of the
Kissinger plot, which is not observed for any Enzalutamide product shown in Fig. 6B. In
addition, the experimental conditions (low sample masses, low-to-moderate g, samples
carefully spread on the bottom of the DSC pans) ensured minimization of the possible
influence of the systematic thermal lags.

The most important information from the standard preliminary (overall) Kinetic
analysis is that about the apparent activation energy E — see Fig. 6C. The depicted data are
those determined by the iso-conversional Starink method (that calculates and averages E over
the entire course of a). All values were in a good agreement with the results of the (slightly
less precise) Kissinger method. In case of the 20 - 50 um powders, the graph shows only
results for the first crystallization peak. This peak is in the present case (lowest E out of all
involved sub-processes; see Figs.5A and 5B for the increased peak separation with
decreasing g*) paramount for the crystallization tendency and thermal stability of the material.
The significantly higher E (~ 190 ki:mol™) of the SD-produced Enzalutamide indicates,
together with the crystallization already manifesting at higher temperatures, a better thermal
stability compared to the lowest size HME product. Note that the thermal stability of the
glasses is from the kinetic point of view driven by the model-free parameters: E and A.
Whereas the pre-exponential factor A can be perceived as responsible for the actually
measured position of the crystallization peak (and as such determines the stability of the glass
with respect to the measured temperature range), the activation energy dictates the stability of
the glass extrapolated to lower temperatures. l.e. for practical purposes the crystallization
onset measured at high temperatures (= high heating rates) is almost irrelevant. The major
factor is the magnitude of E, which determines the pace at which the onset will shift to lower
temperatures with lowering q* (in general the glasses with higher E tend to be significantly

more stable).
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It is also noteworthy that the stability of the glass is related to the amount of
nuclei/crystallites formed during the cooling process. Here the common sense would dictate
that at slower cooling more nuclei form and the consequent crystallization is faster. However,
when nucleation proceeds very slowly, the actual crystal growth apparently dominates with
regard to the value of activation energy (see Fig.6C). This is indeed the case of
Enzalutamide, where very few crystals form at the surface of a heated bulk material, i.e. low
number of nuclei forms, as was evidenced by optical microscopy. Also, the looser structure of
the LN,-cooled glassy matrix together with the possible higher stress within the sample allow

the accelerated crystallization.

4.2. Kinetic predictions

In the previous section the standard methodological approach utilized in the kinetic
analysis was adopted to show the influence of powder particle size on crystallization behavior
of amorphous Enzalutamide. Nonetheless, the high-temperature (non-isothermal)
crystallization data are usually of limited use in practice. The main purpose of Kinetic analysis
is to provide the possibility of kinetic predictions extrapolated towards the lower (around or
sub Tgy) temperatures, where storage and processing of the amorphous materials takes place.
As was reported in our previous paper (Romanova et al.,, 2018), the accuracy of such
predictions depends crucially on the correct selection of kinetic parameters used for the
simulation. The data from the lowest g (behavior closest to the isothermal state
g" =0 °C-min™) have to be used, and high descriptive accuracy of the onset edge of the DSC
peak has to be prioritized. This can in practice be done by adjusting the weighting w; from
Eq. 5 to a lower value for data on the high-a side of the kinetic peak. The algorithm utilizes
the maximum do/dt as the breakpoint. We recommend the w; values of 1 and 0.3 to be used

for the low-a and high-a data, respectively). In case of this “prediction-optimized” approach,
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very good predictions can be made even for temperatures more than 50 °C below the
experimentally measured ones (as was shown in (Romanova et al., 2018)).

In Figs. 7A — 7D such predictions are depicted for the present measurements that were
carried out in dependence on particle size. In compliance with (J. Romanova et al., 2018), the
kinetic parameters determined via the modified single-curve MKA (Romanova et al., 2018;
Brandova et al., 2018; Svoboda et al., 2018) for the DSC data obtained at 0.5 °C-min™ were
used for the simulations. The parameters are listed in Table 1B. In case of the 20 - 50 um
powders the simulations are based only on the kinetic parameters corresponding to the first
DSC peak. With the distribution of activation energies found for the finest powders of both
HME-produced materials it is only the first sub-process that determines the thermal stability
of the amorphous matrix. Clearly, all particle size fractions of the amorphous Enzalutamide
exhibit a significantly manifesting temperature-dependent kinetic behavior. This is indicated
by the large differences between the mean (Table 1A) and “prediction-optimized” (Table 1B)
parameters values. The differences also stress the importance of utilizing the advanced kinetic
approach. Especially the model-free parameters (E and A) are crucial and their change by the
amount similar to that between Tables 1A and 1B can result in several orders of magnitude
large deviations in predicted crystalline content o.

The predictions presented in Figs. 7A — 7D also demonstrate the huge effect of particle
size and presence/absence of the mechanically induced defects on the thermal stability and
shelf-life of amorphous pharmaceutical ingredients. It should be borne in mind that the
several orders of magnitude large differences in crystallization rate are the consequence of the
non-isothermally measured crystallization peak being shifted by only ~ 20 — 30 °C (see
Figs. 1 and 5). Apart from the markedly accelerating influence of the mechanically induced
defects on the crystal growth rate, the isothermal predictions calculated from the low-q* data

also confirm several other previous findings based on the non-isothermal measurements. The
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Kinetic crystallization rate do/dt (as opposed to AH) is primarily driven by the presence of
mechanically activated regions and not by dawe. The SD-produced Enzalutamide is
significantly more stable compared to the lowest size HME powders. Interestingly, the N-
cooled HME material is significantly less thermally stable than the air-cooled one. This is
despite the NMR data showing a minor infusion of crystallinity in the initially prepared air-
cooled material (see Figs. 2A and 2B), and the high-q* non-isothermal DSC data indicating
the opposite trend in stability (see Fig. 1). One possible explanation may have to do with the
occasional presence of the inside-located crystallites found for the coarse powder particles of
the N,-cooled HME (see Fig. 4C), where the same conditions allowing the formation of such
crystallites would certainly accelerate the overall crystallization process.

The crystallization kinetics depends significantly on the particle size. Therefore, we
wanted to explore the possibility of the combined kinetic predictions (such as those depicted
in Figs. 7A — D) weighted by the actual representation of the particular powder fraction being
able to describe the crystallization signal for the as-prepared powdered (unsieved) amorphous
Enzalutamide. We have tested this for the air-cooled HME material, for which we have
obtained the particle size distribution (defined via the weight percentage of the sieved powder
fractions) shown in red in Fig. 7E. Crystallization of the sample taken from the unsieved
material was measured in DSC isothermally at 100 °C. See the black curve in Fig. 7F for the
a-t dependence and the inset for the raw heat flow signal. In the first approximation we have
used only the three predictions (black curves in Fig. 7C) provided for the three air-cooled
HME particle size fractions studied in the present paper (20 - 50 um, 50 - 125 um, 300 -
500 um). We did this to fit (using non-linear optimization) the experimental o-t data with the
weighing factors being variable:

Ao = D W, -, (6a)
2w =1 (8b)
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where oexp represents the experimentally obtained data, ay are the individual theoretical
predictions for the given dawer, and w; are the corresponding weighting factors. The result of
the best fit is represented by the red dashed line in Fig. 7F.

In order to account for the missing powder fractions we have, in the second
approximation, added predictions for the following particle size fractions typically prepared in
our lab: 125 — 180, 180 — 250 and 250 - 300 um. The predictions were derived/calculated via
arbitrary interpolation of the kinetic parameters obtained for the two boundary fractions (50 —

125 and 300 — 500 pm):

P = |2~(P300_500 Py 12s)+ P s )
where P;j is the value of kinetic parameter (E, A, M or N) for ith powder size fraction, P30-s00
and Pso.125 are the values of that parameter for the indexed fractions, and k; is 1, 2 and 3 for
the 125 — 180, 180 — 250 and 250 - 300 um fractions. In this way, a series of gradually slowed
down crystallization processes was implemented into the non-linear optimization in the 50 —
500 um daver range. The corresponding fit of the experimental data is shown by the blue line
in Fig. 7F. The determined weighting factors w; (variables from Eq. 8 that should represent
the participation of the particular powder fractions) are expressed as weight percent by the
blue columns in Fig. 7E. As can be seen, the largest deviations from the true representation of
the powder fractions (determined via the comparison of the red and blue columns in Fig. 7E)
were found for the lower sized fractions 20 — 50, 50 — 125 and 125 - 180 pum. Three things
should be borne in mind when explaining this discrepancy. Firstly, the largest deviations in
Fig. 7E correspond to the a range with worst descriptive correlation in Fig. 7F, thus the
calculated weight distribution does not necessarily need to correspond to the reality.
Secondly, the powder fraction weight distribution in the measured sample did not have to be

representative of the whole batch. Thirdly, from the mathematical point of view, the main

problem of the optimization was the concave experimental data being fit by the convex

20


http://cbs.wondershare.com/go.php?pid=5261&m=db

predictions. Note that the convex shapes of the modeled curves undisputedly result directly
from the raw experimental data depicted in Fig. 5.

If we force the w; values corresponding to the true overall powder size distribution
into the optimization procedure, it is indeed apparent that the main problem is the convex
predictions of the 50 — 125 and 125 - 180 um fractions (that account for the largest
discrepancy in the 10 — 70 % o range) describing the convex-shaped experimental data. In
other words, the accelerating kinetic model f(a) predicted from the non-isothermal
measurements in case of these powder fractions appears to not agree with the decelerating
crystallization at 100 °C. However, the accelerating quasi-zero-order model occurs
unambiguously for these particle size fractions below 120 °C (see Fig. 5C). One of the
possible explanations is that the particle size range of the 50 - 125 um powder fraction is too
large to properly account for the transition between the two types of crystallization behavior
observed for the 20 = 50 and 50 - 125 um fractions. Also, the split of the 50 - 125 um dayer
range would lead to a significantly better description as in the case of the transition from 50 -
125 pum to 300 - 500 um. l.e. the procedure applied in the second approximation, as described
above, where the concave curve can be modeled via larger number of small convex
contributions. Alternatively, it can be an external influence that is responsible for the
increased rate of crystallization. In particular, the presence of the finest powder fraction 20 -
50 um that very quickly crystallizes below 100 °C may speed up the crystallization of the
larger amorphous particles. This effect could proceed either by locally increasing the
temperature (crystal growth is exothermic) or by some effects similar to seeding in solutions.
Exact nature of this potential process remains to be solved. Nonetheless, it was shown that the
combination of the kinetic predictions from non-isothermal measurements of particular
particle size fractions can very reasonably describe the isothermal crystallization of the initial

unsieved material extrapolated to lower temperatures.
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4. Conclusions

The influences of particle size and mechanically induced defects on the crystallization
behavior of amorphous Enzalutamide were demonstrated via non-isothermal DSC
experiments. Series of the thermo-kinetic measurements were performed at different g* for the
20 — 50, 50 — 125 and 300 — 500 um particle size fractions of hot-melt-extruded material, and
for the spray-dried material. Presence of mechanically induced defects was found to
dominantly accelerate the crystallization. The pure surface-to-volume ratio (i.e. intensity of
crystal growth initiated from flat surfaces) had less pronounced effect in comparison to the
growth from mechanically activated centers. This was indicated by the data for spray-dried
material. The higher quench rate during the amorphization resulted in the significantly lower
thermal stability of coarser powder fractions. This effect was manifested through the lower
apparent activation energy of the crystal growth, which means that its importance increases
with the extrapolation to lower temperatures. The influence would possibly be comparable to
that of the mechanically induced defects at laboratory temperatures.

In addition, the observed crystallization kinetics was for all studied materials
described by the autocatalytic AC model. By using the modified single-curve multivariate
kinetic analysis (optimized for the measurements at 0.5 °C-min™) the predictions of crystal
growth rate kinetics were calculated for long-term isothermal annealings (akin to the
processing and shelf-life thermal histories). A reasonable prediction of the extrapolated
isothermal crystallization kinetics of unsieved powdered material was obtained by combining
the Kkinetic predictions for the particular powder fractions obtained non-isothermally. The
possible explanations for the higher-than-predicted initial crystallization rate involve the
seeding effect of quickly crystallizing fine particles and the neglected transition between the

significantly differing kinetics of the 20 — 50 and 50 — 125 pm powder fractions.
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To conclude, the presence of mechanical defects plays fundamental role for thermal
stability of active pharmaceutical ingredients and organic glasses in general. Prevention of
this detrimental effect might be potentially realized via annealing at the materials’ softening
point to mend/reduce the quantity of the defects. Alternatively, spray-drying may be used as a

superior method for preparation of thermally stable fine-sized particles of certain APIs.
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Figure captions

Fig. 1: Example DSC curves obtained at 10 °C-min™*for the air-cooled HME (black curves),
LN,-cooled HME (red curves) and spray-dried (blue curves) Enzalutamide. The
particular particle size ranges are indicated.

Fig. 2: Stacked (graph A) and shifted (graph B) NMR spectra for air-cooled, LN,-cooled
and spray-dried as-prepared Enzalutamide materials, compared to the signals
corresponding to the materials with known degree of crystallinity. Graph C shows
the diffraction patterns of as-prepared and DSC-crystallized air-cooled, LN,-cooled
and spray-dried Enzalutamide materials.

Fig. 3: A) Cross-section of partially crystallized air-cooled HME-produced 20-50 pm
particle. The scale bar indicates 5 um size.
B) Fully crystallized air-cooled HME-produced 20-50 pum particle. The scale bar
indicates 5 um size.
C) Cross-section of partially crystallized LN,-cooled HME-produced 20-50 pm
particle. The scale bar indicates 5 um size.
D) Fully crystallized LN,-cooled HME-produced 20-50 um particle. The scale bar
indicates 5 um size.
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Fig. 4:

Fig. 5:

Fig. 6:

Fig. 7:

A) Cross-section of partially crystallized air-cooled HME-produced 300-500 pum
particle. The scale bar indicates 20 um size.

B) Zoomed-in surface crystalline layer from Fig. 4A. The scale bar indicates 2 pm
size.

C) Cross-section of partially crystallized LN,-cooled HME-produced 300-500 pm
particle. The scale bar indicates 5 um size.

D) Fully crystallized spray-dried Enzalutamide. The scale bar indicates 1 pm size.

DSC curves obtained for the air-cooled (graphs A, C and E) and LN,-cooled (graphs
B, D and F) HME-produced Enzalutamide. Arrows and color schemes indicate the
direction in which q" increases. Exothermic effects evolve in the upwards direction.
Graphs A and B show data for the 20 - 50 um powders; graphs C and D show data
for the 50 - 125 pum powders; graphs E and F show data for the 300 —500 pm
powders.

A) Crystallization enthalpies evaluated for the HME- and SD-produced
Enzalutamide materials plotted in dependence on the averaged particle size. The
empty points correspond to AH; for the first crystallization peak of the 20-50 pm
powders; the percent AH;/AH ratio is shown in label.

B) Kissinger plot for the studied Enzalutamide amorphous powders.

C) Activation energies of the crystallization process evaluated by the Starink method
for the HME- and SD-produced Enzalutamide materials plotted in dependence on the
averaged particle size. In case of the 20-50 um powders only the data for the first
crystallization peak (dominantly responsible for the crystal growth at low
temperatures) were taken for the evaluation.

A) Prediction of Enzalutamide crystallization behavior at 50 °C based on the kinetic
parameters obtained during the MKA optimizations of the data-curves obtained at
0.5 °C-min™.

B) Data from graph A zoomed-in on the X axis.

C) Prediction of Enzalutamide crystallization behavior at 100 °C based on the kinetic
parameters obtained during the MKA optimizations of the data-curves obtained at
0.5 °C-min™.

D) Data from graph C zoomed-in on the X axis.

E) Results of the particle size analysis for the air-cooled HME-produced
Enzalutamide (red columns). Theoretical particle size distribution (blue columns)
calculated on the basis of the extended non-linear optimization fitting the isothermal
annealing data of the unsieved material with the extended kinetic predictions of the
daver fractions investigated in this work (blue line in graph F) — see text for details.

F) Black line - isothermal crystallization a-t dependence of unsieved air-cooled
HME-produced Enzalutamide (details of the experiment and raw DSC data are
shown in the inset). Red dashed line — fit of the experiment via the three base kinetic
predictions corresponding to the kinetic results of the 20 — 50, 50 — 125 um and 300
— 500 pum particle size fractions. Blue line — fit of the experiment via the kinetic
predictions corresponding to the three experimentally obtained kinetic datasets (for
the 20 — 50, 50 — 125 and 300 — 500 um powder fractions) and three other datasets,
theoretically calculated for 125 — 180, 180 — 250 and 250 — 300 um powders.

26


http://cbs.wondershare.com/go.php?pid=5261&m=db

Table 1

A) Kinetic parameters determined by the overall MKA applied to the whole set of kinetic data
obtained at all applied q*.

B) Kinetic parameters determined by the modified single-curve MKA applied to the kinetic
data obtained at 0.5 °C-min™ (these values were used for the kinetic predictions of isothermal
crystal growth).

A

ID air-cooled HME LN,-cooled HME SD

d/pm 20-50 50-125 | 300-500 | 20-50 50-125 | 300-500 | 0.1-1

E(kJ/mol) | 137.0 143.1 136.1 143.9 146.3 130.6 113.7

log(A/s) |17.21 16.86 15.8 17.76 17.16 14.88 12.89

M 0.02 0.490 0.687 0.112 0.559 0.631 0.243

N 0.258 0.567 0.928 1.031 0.575 0.759 0.724
B

ID air-cooled HME LN,-cooled HME SD

d/pm 20-50 50-125 | 300-500 | 20-50 50-125 | 300-500 | 0.1-1

E(kJ/mol) | 163.1 159.8 162.6 144.7 133.2 139.5 187.0

log(A/s) |22.28 | 10.06 |19.26 |19.21 |15.87 |16.13 |24.26

M 0.612 0.538 0.757 0.530 0.791 0.701 0.568

N 0.757 0 0 0.797 0 0 1
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