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A B S T R A C T

Ball-milling and harsh manufacturing processes often generate crystal disorder which have practical implica-
tions on the physical and chemical stabilities of solid drugs during subsequent storage, transport, and han-
dling. The impact of the physical state of solid drugs, containing different degrees/levels of crystal disorder,
on their autoxidative stability under storage has not been widely investigated. This study investigates the
impact of differing degrees of crystal disorder on the autoxidation of Mifepristone (MFP) to develop a predic-
tive (semi-empirical) stability model. Crystalline MFP was subjected to different durations of ambient ball
milling, and the resulting disorder/ amorphous content was quantified using a partial least square (PLS)
regression model based on Raman spectroscopy data. Samples of MFP milled to generate varying levels of
disorder were subjected to a range of (accelerated) stability conditions, and periodically sampled to examine
their recrystallization and degradation extents. Crystallinity was monitored by Raman spectroscopy, and the
degradation was evaluated by liquid chromatography. The analyses of milled samples demonstrated a com-
petition between recrystallization and degradation via autoxidation of MFP, to different extents depending
on stability conditions/exposure time. The degradation kinetics were analyzed by accounting for the preced-
ing amorphous content, and fitted with a diffusion model. An extended Arrhenius equation was used to pre-
dict the degradation of stored samples under long-term (25°C/60% RH) and accelerated (40°C/75% RH, 50°C/
75% RH) stability conditions. This study highlights the utility of such a predictive stability model for identify-
ing the autoxidative instability in non-crystalline/partially crystalline MFP, owing to the degradation of the
amorphous phases. This study is particularly useful for identifying drug-product instability by leveraging the
concept of material sciences.
© 2023 The Authors. Published by Elsevier Inc. on behalf of American Pharmacists Association. This is an open

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

The stability of pharmaceutical products is considered a critical
attribute1,2 as it ensures the safety and efficacy of the therapeutics
throughout the intended shelf-life. During the pharmaceutical devel-
opment, rigorous stability testing is performed for (1) developing
robust formulation design, (2) selecting appropriate manufacturing
processes, (3) identifying appropriate packaging (container-closure),
and (4) setting the desired shelf-life specification.3 Instability within
drug products can cause significant reduction in the potency of
administered dose, loss of product performance (e.g. dissolution fail-
ure of solid product), formation of (geno-)toxic degradants, possibil-
ity of adverse events or side-effects, shortened shelf-life that can
cause supply chain issues, batch variations and/ recalls, etc.4 Among
the reported mechanisms of instabilities, oxidation in pharmaceuti-
cals has been proven as a challenging risk owing to multiple factors.5

Firstly, oxygen is ubiquitous in the environment, and reducing or
eliminating its interaction with the product is not straightforward.
Secondly, the predicting/ identifying oxidation risk is often a
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formidable task due to complicated reaction mechanisms (e.g. involv-
ing free radicals); the kinetics of degradation may have an induction
period, where hardly any degradation could be detected.6 Addition-
ally, there is an open question about mitigation strategies (rational
selection of an antioxidant) and their efficacy.7 Routine stability stud-
ies of pharmaceuticals are time-consuming, and any late-stage stabil-
ity issues are often disappointing. Hence, the pharmaceutical
industry has been striving to adopt alternative approaches that use
short-term accelerated stability models to predict, and assess the risk
to long-term storage stability.4,8 Research in this area has also shown
promise in enabling quality by design paradigm in the context of
pharmaceutical regulatory acceptance.9,10

Milling is widely considered as an operation of choice for particle
size reduction, homogenization of a blend, and to facilitate mixing.11

Uniformity and fine particle size of a drug powder prepared by mill-
ing generally facilitates processability, enhances dissolution of poorly
water-soluble drugs, and improves aerosolization of inhaled
drugs.12,13 On one hand, changes in the hygroscopicity, surface-tex-
ture, porosity, density, surface-free energy, and surface-area is com-
monly observed at the particle and powder level upon milling.14 On
the other hand, several reports have highlighted that milling can gen-
erate crystal defects by amorphization.15−17 The quantity and physi-
cal state of such crystal defects may have severe implications on the
downstream drug stability,18 flowability,19 and therefore, on batch-
to-batch uniformity. Owing to the metastable nature of the defect
sites of crystal lattice generated upon milling, they are the hot spots
triggering physical and chemical transformations.20 Modhave et al.
reported on the autoxidation of simvastatin owing to the generation
of a metastable amorphous state during milling.21 Disordered crystals
of an antifungal drug were shown to autoxidize in the amorphous
state.22 Similarly, autoxidation in the solid-state has been exempli-
fied as a key instability for representative drugs, namely, Olanza-
pine,23 Tetrazepam,24 and Sirolimus.25 A steroidal sulfatase inhibitor
was shown to degrade by multiple mechanisms when milled.26

Schenk et al. reported on the shear sensitivity of a drug which led to
its oxidation upon common processing. They also point out that
amorphization resulting from shear could be mitigated by coprocess-
ing the drug.27 Otsuka et al. have reported chemical degradation in
Cephalothin by the influence of compression or grinding.28,29 Also,
drug degradation in the solid state was reported to increase as a func-
tion of amorphous content and the storage conditions.30,31 Several
reports on milling-induced physical instabilities such as polymorphic
conversion, recrystallization or desolvation are known to occur upon
milling.31-34 As milling generates a diverse range of (metastable)
amorphous fraction, a systematic study of evolution of solid-state
properties during storage is important. Various studies have indi-
cated the impact of annealing on solid particles post milling.36,37 At
the molecular level the annealing/ageing process is often accompa-
nied by a reduction in the molecular mobility and re-crystallization
of disordered solid states. In the case of stable (rigid) amorphous
solid-fraction, where the recrystallization rate is slower, the residual
amorphous phase can undergo chemical degradation. Although dis-
ordered phase is known to be responsible for the chemical degrada-
tion of pharmaceutical solids, the evolution and consequence of such
crystal defects upon storage is seldom reported.

The kinetics and extent of an amorphous drug degradation
depends on the rates of recrystallization under respective storage con-
ditions. Ideally, the high-energy solid states generated during milling
would experience a competition of driving forces between degradation
and recrystallization in the course of subsequent storage. Several
reports have aimed to correlate and compare the rates of recrystalliza-
tion and degradation to the molecular mobility of the amorphous
solid.38,39 Previous research has also indicated diverse approaches to
modelling the degradation of pharmaceutical solids based on applica-
tion of a modified Arrhenius equation. For example, Tamura et al.40
have proposed a polynomial model, where the degradation of Aspirin
formulations depended on the level of magnesium stearate. Patterson
et al.41 have used a modified Arrhenius model by incorporating a term
for succinic acid content to predict the drug degradation in a spray
dried amorphous polymeric dispersion. Klemen et al.42 has proposed a
non-linear kinetic model to evaluate the pressure sensitivity of Cande-
sartan cilexetil. Prediction of individual degradation products concen-
tration in Saxagliptin coated tablets was achieved by considering
formulation factors.43 The prime utility of such models is to provide
mechanistic insight into drug degradation (by incorporating
manufacturing stress, formulation factors), and thereby generating
accurate predictions of a drug’s shelf-life in a short time.

Herein, we explore the impact of milling-induced crystal disorder
on the autoxidation of Mifepristone (MFP) during accelerated stabil-
ity storage conditions combining diverse temperatures and relative
humidities (RH). The residual crystallinity of MFP samples during sta-
bility storage was quantified using Raman spectroscopy. By assuming
the amorphous fraction as the main substrate for both re-crystalliza-
tion and autoxidation, we analyzed the autoxidation kinetics
accounting the amorphous content existing at preceding stability
time point. Thereafter, a diffusion model was fitted to the experimen-
tal degradation kinetics. The obtained autoxidation rate constant
allowed application of an extended Arrhenius model to predict the
degradation of milled samples stored under long-term stability con-
ditions. This is a novel attempt to model the degradation of disor-
dered solids using a semi-empirical approach and considering the
recrystallization phenomenon, as an incentive to apply solid material
science. Simultaneously, we evaluated the implication of plasticiza-
tion and ageing/annealing of disordered MFP solids on the reproduc-
ibility of degradation in multiple laboratories. Our work is useful for
evaluating the impact of processing a crystalline as well as for amor-
phous pharmaceutical solids that undergo autoxidation upon storage
by fostering the applicability of predictive stability models.

Experimental

Materials

Crystalline Mifepristone (MFP) was purchased from Quingao
Dacon (China) (99.60% by assay). 2,20-Azobisisobutyronitrile (AIBN)
was purchased from Merck (Vienna, Austria). Weighing of solid pow-
ders was done using laboratory analytical balances. Ultrapure water
was obtained from a TKA water purification unit. A laboratory oven
from Binder� (Tuttlingen, Germany) was used to expose the samples
under different stability storage conditions. HPLC grade acetonitrile
(ACN) was obtained from VWR Chemicals (Dresden, Germany). Buffer
ammonium formate (AF), and all other chemicals were of analytical
reagent grade.

Method

Room Temperature Milling to Generate Amorphous Content
MFP was ball-milled at room temperature using a Retsch Cryo mill

(Retsch GmbH, Germany) using a single stainless-steel ball of 2.0 cm
diameter and 25 Hz milling frequency. Approximately, 3 g solid MFP
was filled in a 50 mL milling jar and individual samples were sepa-
rately ball-milled continuously for 5, 15, 30, 45, 60, 90, 120, and
180 min respectively, to generate different levels of amorphous con-
tent. In addition, separate samples were also milled for 1, 2, 3, and
10 min to investigate the initial amorphization kinetics. Subsequent
to milling, the powder was scraped from the milling jar using a
metallic spatula, and stored under nitrogen-purged amber glass vials
to prevent oxidation. Entire sample collection step was performed
inside an isolator glove box to prevent accidental dust exposure, and
the collected solid was stored in a freezer at −20°C.
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Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) were carried out on sam-

ples using a DSC 204 F1 Phoenix (Netzsch, Germany) equipped with
intra-cooler and an autosampler. Indium and Zinc were used for cali-
bration of temperature and enthalpy. Approximately, 10−15 mg of
sample was placed in an aluminum pan and covered with a pin-holed
lid. The sample pans were heated at a controlled 5°C min−1 heating
ramp from 0°C to 250°C under N2 flow. All milled samples were ana-
lyzed immediately after milling using this single heating run method.

To evaluate the degree of plasticization and change in Tg in the
samples exposed in stability conditions, modulated DSC was per-
formed. Samples were heated in hermetically sealed pans from 0°C
to 250°C under N2 flow at a heating rate of 5°C min−1. A modulation
amplitude of §0.541°C, and a 40 s period was applied, and the Tg was
examined in the reversing mode.

Scanning Electron Microscopy (SEM)
In order to visualize the effects of milling, the surface morphology

of the 5, 15, 180 min ball-milled and cryo quench cooled MFP sam-
ples was examined with a scanning electron microscope (SEM). To
avoid charging during SEM imaging, all samples were coated with an
AuPd layer (a few nanometers). Images were acquired on a Zeiss Ultra
55 field emission gun scanning electron microscope at an accelerat-
ing voltage of 5 kV and a beam current of 0.19 nA. The electron detec-
tor used was a Everhart-Thornley detector, in which topographic
contrasts are mainly visible.

Raman Spectroscopy
Raman analysis of samples was performed on Perkin Elmer

Raman station 400F (Perkin Elmer, Germany). A small quantity of
sample was placed in the centre of the brass sample holder. A map-
ping method was used at 12 different points to cover the height and
width of slide matrix with spectral acquisition at 10 scans per point.
Laser intensity was kept at 80%, and an exposure time of 1 s was
applied. Finally, the scans were co-added to yield an average spec-
trum. The acquired scans ranged from wavenumbers 200−2500
cm−1. The interpretation of spectra was performed by using
SpectraGryph� software version 1.2.15 (Oberstdorf, Germany).

To quantify the crystallinity of ball milled (BM) MFP samples, a
calibration curve was developed using 180 min BM (amorphous)
MFP and crystalline MFP. The two solids were physically mixed
to generate different degree of crystalline content ranging from
10%−90% crystallinity in increments of 10% crystallinity along
with controls (0% and 100% crystallinity) and spectra were
acquired using the method as described above. Triplicate samples
at each crystallinity interval (n = 3) were generated, out of which
the first two sets were used as calibration samples, while the
third set was used for validation. All spectral pre-processing was
done in SIMCA (version 17, Umetrics, Sweden); the range of 1540
−1700 cm−1 was selected, and the variables were mean centered.
The spectral pre-processing steps consisted of (1) peak height
normalization (2) standard normal variate (SNV) normalization
and (3) asymmetric least square smoothing (AsLS) correction
using a smoothing factor of 10000, and an asymmetry factor of
0.001. The performance of the developed model was evaluated by
using correlation coefficient (R2), test set validation coefficient
(Q2), root mean square error of estimation (RMSEE) and root
mean square error of prediction (RMSEP).

Wide Angle X-ray Scattering and Variable Temperature Scans
WAXS measurements were acquired using a Hecus� S3-MICRO

(Bruker, Germany) instrument operating at 30 kV/0.4 mA to generate
X-ray from a Cu Ka source. The system encompasses S3-MICRO
SWAXS (Hecus�), and a point-focusing detector (2Hecus PSD-50; 54
mm/channel) that enables recording of X-ray scattering in the range
of 17−27° 2u (WAXS). The powder samples were placed in sealed
quartz capillary and measured in transmission mode with rotating
capillary setup. To monitor the polymorphic change in MFP samples
at different temperatures a variable temperature scan was performed
at different temperatures namely, 25°C, 70°C, 110°C, 140°C, 160°C,
170°C and 190°C. A hold time of 1200 s was used at each temperature
to stabilize the sample, and a WAXS scan was acquired after every
600 s increment. The purpose of variable temperature experiment
was to interpret the different thermal events observed during the
DSC heating run of ball-milled MFP samples.

Powder X-ray Diffraction (PXRD)
Powder X-ray diffraction (PXRD) was used to determine the

degree of crystallinity in the milled samples. Samples were analyzed
by using a Siemens D5005 X-ray diffractometer (Munich, Germany)
configured with Bragg-Brentano geometry that uses Cu Ka (1.5418
A
�
). 40 kV voltage and 40 mA current were used and scans were per-

formed from 7°−30° 2u. The selected step size was 0.04°, and the
counting time was 2 s/step. The resulting data was plotted as an over-
lay in Origin software.

Dynamic Vapor Sorption (DVS)
The moisture sorption behavior of amorphous MFP solids was

investigated with DVS (Advantage, Surface Measurement Sys-
tems, Alperton, U.K.). The temperature was set to 25 § 0.5°C
and water was used as the probe vapor. Appropriate partial
pressures (P/P0) were controlled by mixing the water vapor
with dry nitrogen gas with mass flow controllers. The degree of
weight change was measured by a highly sensitive microbal-
ance. Approximately, 35−45 mg of powder was weighed and
subjected to 0%−90%−0% RH in 10 %RH steps for allowing sorp-
tion and desorption isotherms. A 4 h equilibration window was
provided at each of the RH interval. The system was considered
as equilibrated if the rate change in mass was less than 0.002%
min−1. Samples were pre-treated at 0 %RH to ensure they were
dry.

Accelerated Stability Evaluation
The impact of degradation and recrystallization was assessed by

subjecting the samples to different accelerated storage conditions
namely, 40°C/75 %RH, 40°C/10 %RH, 50°C/10 %RH, 50°C/75 %RH, 70°
C/10 %RH and 70°C/75 %RH in a stability chamber (WTC Binder, Ger-
many). In total, five different types of solid samples were selected,
namely, the unmilled crystalline MFP, 5- and 15 min BM MFP (par-
tially crystalline), 180 min BM MFP and cryo-quench cooled (QC)
MFP (amorphous). In each case, approximately 10−15 mg sample
was weighed in amber-colored high-performance liquid chromatog-
raphy (HPLC) vials and stored openly in desiccators equilibrated with
the respective humidity. Saturated salt solution of sodium chloride
(NaCl) was used to maintain 75 %RH, while Lithium chloride (LiCl)
was used to maintain 10 %RH. Samples for long-term stability evalua-
tion were stored in a stability chamber preset to 25°C/60 %RH.
Approximate time elapsed between the day on which the milled
samples were prepared and the day on which the samples were
loaded under stability conditions was around 120 d. The samples
were stored (in an amber glass vial, nitrogen purged, with parafilm
wrapped) in a freezer at −20°C. Samples were pulled out from stabil-
ity chamber on respective days as shown in Table 1, and analyzed for
crystallinity (using Raman spectroscopy) and chemical degradation
(using UPLC). Moisture uptake in the samples stored under different
conditions was measured by gravimetric technique. Pre-weighed
samples were exposed to the mentioned stability conditions and
were re-weighed at the end of exposure. The degree of moisture
uptake was calculated from Eq. 1:



Table 1
General stability study protocol utilized to evaluate competition between recrystallization and degradation kinetics of selected samples: unmilled MFP, 5 min ball-milled (BM) MFP,
15 min BMMFP, 180 min BMMFP and cryo QC MFP.

Temperature (°C) § 1°C Relative humidity (%RH) § 5% Duration (days-d) and samples (n = 3)

0 d 3 d 8 d 15 d 30 d 60 d 90 d 180 d

Initial 2 - - - - - - -
40 75 - 3 3 3 3 3 3 3
50 75 - 3 3 3 3 3 3 -
40 10 - 3 3 3 3 - 3 3
50 10 - 3 3 3 3 3 3 -
70 10 - 3 3 3 3 - 3 -
70 75 - 3 3 3 3 - 3 -
25 60 - - - 3 3 3 3 3*

* samples were withdrawn at the end of 155 d
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% Moisture gain

¼ Vial weight after stability exposureð Þ � initial weight of vial
initial weight of vial

� 100 ð1Þ

Replication of Experiments and Stability Evaluation at Multiple Sites
Additional experiments were replicated partly at Pfizer U.K. Ltd.,

using the protocol mentioned in Table 2. Supplied (unmilled) MFP
was milled using the protocol specified in section "Room Temperature
Milling to Generate Amorphous Content", using a Retsch MM400 mixer
mill (Retsch GmbH, Germany). Multiple lower milling timepoints
were selected here: 1, 3, 5, and 15 min. A PLS-(Raman) calibration
model for quantifying the crystallinity of milled samples was con-
structed using the data spectra from Bruker FT-Raman RAM II (Kent,
U.K.). Powder samples were loaded into short NMR tubes which
rotated in the beam while also moving vertically, tracing a helix like
pattern over the sample. The laser power was set to 500 mWh, col-
lecting and averaging over 128 scans. The scans ranged from wave-
numbers 200−2500 cm−1, and OPUS 8.1 software was used to
acquire the spectra. An average of 3 calibration sets was used for gen-
erating a calibration model. Another individual set was used for vali-
dation. Spectral range and pretreatments used in the model were
kept the same as mentioned in section "Raman Spectroscopy".

Samples for accelerated stability studies were prepared individu-
ally for each condition and timepoint, in separate 4-dram vials. The
dram vials were covered with a membrane (tissue) and placed inside
the relevant stability pot with the relevant humidity capsules which
were open and covered with a membrane (filter paper) then sealed
to be placed in the oven. Samples were stored at −20°C under N2 for
approximately 15 d between milling and staging to stability studies.

The experiments aimed to evaluate the competition between
recrystallization and degradation were also performed at AstraZe-
neca Inc by using the protocol as mentioned in Table 3. Multiple
Table 2
Stability testing protocol for experiments conducted at Pfizer U.K. Ltd. to evaluate the compe
MFP, 1 min BMMFP, 3 min BMMFP, 5 min BMMFP and 15 min BMMFP.

Temperature (°C) § 1°C Relative humidity (%RH) §5%

0 d

Initial x
40 75 -
50 45 -
50 75 -

-: no sampling,x: sampling (n = 1)
samples were generated by milling MFP for 2-, 3, 5, 10, 15, 30, 90,
and 180 min at RCPE which were then supplied to AstraZeneca. Sam-
ples were stored at 5°C in a refrigerator for approximately 180 d
between milling and loading under stability conditions. Samples for
evaluating degradation were stored and analyzed via the automated
stability system, RPD Tool� (Accroma�, Muttenz, Switzerland). Sam-
ples were placed into bespoke vials alongside a saturated salt solu-
tion reservoir to control humidity and stored in racks at the desired
temperature. At each of the time point, the system automatically
removed the sample from storage, prepared the analyte solution and
injected in the UPLC system.

Samples for Raman analysis were stored within vials and placed in
jars which were stored in ovens at the relevant temperatures.
Humidity for all samples was controlled using saturated salt solu-
tions, either NaCl for maintaining approximately 75 %RH, and LiCl for
10 %RH. A method was developed for Raman analysis on the DXR3
Smart Raman (Thermo, US) using a bulk sampling method by placing
at least a 1 cm depth of sample into a clear glass vial. A 785 nm laser,
50 mm pinhole aperture, and 30 mW laser power was used with the
universal platform accessory. The method used 30 s x 10 sample
exposures, beam expander of 3.0 mm and a focus of 200. A weight
corrected PLS calibration model same as that mentioned in section
"Raman Spectroscopy" was generated to quantify the crystallinity of
the samples at each stability pull.

Ultra-Performance Liquid Chromatography (UPLC)
Degradation of samples was analyzed using Waters Acquity UPLC

(Milford, USA) instrument. An InfinityLab Poroshell ec-C8 column
(Agilent technologies, Vienna, Austria) (100mm*3 mm i.d.; particle
size 2.7mm) was used with a column temperature of 30°C. The eluent
was analyzed with an equipped photo-diode array detector at
305 nm wavelength. A gradient program at flow rate of 0.35 mL/min
employing 10 mM ammonium formate (pH 3.70) as buffer (A), and
acetonitrile (ACN) as the organic modifier (B) were used. From 0 to
1 min, the composition of B was kept constant i.e. at 20%. From 1 to
tition between recrystallization and degradation kinetics of selected samples: unmilled

Duration (days-d) and samples (n = 1)

7 d 14 d 28 d 42 d

- - - -
x x x x
x x x x
x x x x



Table 3
Stability testing protocol selected by AstraZeneca inc. to evaluate the competition between recrystallization and degradation kinetics of selected samples: 2, 3, 5, 10, 15, 30, 90,
180 min BM MFP.

Temperature (°C) § 1°C Relative humidity (%RH) § 5% Duration (days-d) and samples (n = 1)

0 d 7 d 14 d 21 d 28 d 56 d

Initial RU - - - - -
40 75 - RU U RU RU U
40 10 - RU U RU RU U
70 75 - RU U RU RU U
70 10 - RU U RU RU U

R = Raman analysis, U = UPLC analysis.
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6 min, the composition of B was increased from 20% to 70% and main-
tained at 70% until 10 min. From 10 to 11 min, the composition of B
was increased from 70% to 90% and held at 90% until 12 min. At
12.01 min, the composition of B was reduced to 20% until the end of
run i.e. 15 min. A combination of MeOH:milli-Q water (70:30) was
used as a diluent to dissolve the samples. The sample concentration
was kept at 500 mg/mL and 0.5mL was injected.

Quantification was performed by integrating the area under the
peak of drug (AUP) and degradants thereby, enabling calculation of
the relative area% of drug using Empower-3� software as shown in
Eq. 2. The value 99.60 was calculated as per the label claim/purity of
the purchased drug, considering the remaining (0.40%) to be from
impurities.

%AUP of drug ¼ 99:60� %AUP of DPsð Þ ð2Þ
The degradation of sample during accelerated stability storage

was determined using Eq. 3 (based on reduction in the %AUP of drug’s
peak at time 0 min i.e., soon after milling).

%degradation ¼ %AUP of drug �%AUP drug under stability conditionsð Þ
ð3Þ

Forced Autoxidation in Solution and Solid States
In solution state, AIBN (azo radical initiator) in 5−20 mol% of drug

concentration was used as the stressing agent to induce autoxida-
tion.44 The concentration of drug stock solution was kept 1000 mg
mL−1 in MeOH:water 70:30, and half of the solution was mixed with
equal volumes of AIBN solution (20 mM stock was prepared in MeOH).
The final reaction mixture contained 500 mg mL−1 drug and 10 mM
AIBN as the stressor. The reaction was carried out by keeping two rep-
licate samples in amber volumetric flasks and placing in the oven at
50°C. Additionally, a drug solution devoid of AIBN and another AIBN
solution devoid of the drug were placed, as controls, in the oven at 50°
C. The solution stress test provided the feasibility of autoxidation, and
enabled the development of a stability-indicating method.

Forced autoxidation in the solid state was conducted by employ-
ing a high temperature oxygen-pressurized device called as Rap-
idOxy� (Anton Paar GmbH, Austria). Approximately, 10 mg of cryo
QC MFP was placed in a DSC pan (n = 3) at 100°C, and exposed at 700
kPa for 2 d. In parallel, control samples were kept by exposing the
cryo QC MFP samples under nitrogen pressures in the RapidOxy� by
keeping the same temperature and exposure times.

LC-High Resolution Mass Spectrometry (LC-HRMS) and Tandem MS/MS
To characterize the formed degradants in the solid and solution

states, LC-HRMS and MSn studies were performed. The high resolu-
tion and MS/MS data was acquired on a ThermoFisher Orbirap Fusion
Tribrid mass spectrometer interfaced to a ThermoFisher Vanquish
UPLC (Macclesfield, U.K.). All data was acquired in a positive ion
mode using heated electrospray ionization (HESI) source. The MS
conditions were: capillary voltage 3500 V, vaporizer temperature
350°C, ion transfer tube temperature 325°C, sheath gas flow 50 arbi-
trary units, auxiliary gas flow 10 arbitrary units and sweep gas 1 arbi-
trary units. The MS/MS was performed in collision induced
dissociation mode with a collision energy of 40%.
Kinetic Modeling
One of the prime objectives was to develop a semi-empirical model

predicting the degradation rates under long-term conditions of disor-
dered MFP. To the best of our knowledge, such a model accounting for
the presence of disorder (or amorphous content) and the recrystalliza-
tion phenomenon has not been discussed before. Although existing
methods based on extended Arrhenius models consider the impact of
relative humidity, there are seldom cases where such model is applied
to the partially crystalline and amorphous samples undergoing com-
petitive degradation and amorphous form crystallization.45 It is also
postulated in such cases that the preceding amorphous fraction
accounts for the extent of degradation occurring in the successive time
point, hence, dictating the overall degradation kinetics. Here, the
amorphous fraction was calculated using the crystallinity values
obtained from the Raman PLS-model (as described in the section
"Raman Spectroscopy" applying Eq. 4 and Eq. 5.

As the unmilled standard MFP was not polymorphic phase pure,
an adjustment on the Raman data was made to calculate the actual
crystallinity values by accounting the effect of polymorphic conver-
sion in the stability samples. For each time point, the difference
between 100% crystallinity and the predicted crystallinity was added
to all samples at that timepoint to remove the effect of the phase
change from the effect of recrystallization of the amorphous fraction
in the sample.

For each time point:

Corrected crystallinity ¼ Cs þ 100� Cstdð Þ ð4Þ
Where Cs is the crystallinity of the sample and Cstd is the crystal-

linity of the standard (unmilled).

Amorphous fraction famð Þ ¼ 100�%Crystallinity
100

. . . ð5Þ

For modeling the degradation of disordered solids (assuming that
the crystalline phase undergoes negligible degradation and recrystal-
lization), the actual degradation was normalized to account for the
presence of preceding amorphous content by using Eq. 6.

Effective degradation %Dnð Þ ¼ famð Þ � actual degradation ð6Þ
It is considered here that the effective degradation values account

for the presence of recrystallization occurring over the time (i.e., the
amorphous fraction would decrease over time).

Next, the kinetics plot was fitted by using a diffusion model as
shown in Eq. 7 with Origin Pro 2021 software (Northampton,Massachu-
setts, USA). Preliminary examination of the goodness of fit of the experi-
mental degradation kinetics data to different solid state degradation
models was performed, as proposed previously,46,47 where the diffusion
model was found to provide the best fit (data shown in supplement
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Fig. S8) to the data. Moreover, a diffusion model was selected because
the phenomenon like autoxidation would depend on the diffusion of
oxygen, hence, oxygen diffusion is the rate-limiting step.

Effective degradation %Dn ¼ k �
ffiffi

t
p

ð7Þ
Here, k is the degradation rate constant (d�1) and t is the exposure

time in d. The kinetics plot was limited to 30 d for most of the sam-
ples, analogous to the commonly used iso-conversion approach.

The natural logarithms of the obtained degradation rates were
determined using Microsoft Excel (Microsoft Office 2021, USA). The
log transformed degradation rates (z-axis) were plotted against their
respective storage temperatures (x-axis) and RH (y-axis) to generate
a 3-dimensional plot. The data points were surface fitted using the
extended Arrhenius eq. (Origin Pro 2021, OriginLab, USA), as shown
in Eq. 8. The Levenberg-Marquardt algorithm was chosen to surface
fit the reaction rates as it is widely used for non-linear least square
fittings and provide a single fitting minimum. Higher temperature
(70°C) conditions were not considered as they led to a significant
propagation of error in extrapolation/prediction accuracies.

ln k ¼ ln A� Ea
RT

þ B � RH ð8Þ

Here, ln k is the natural log of degradation rate constant, ln A is the
pre-exponential factor, Ea is the activation energy (in kcal mol−1), R is
the gas constant (1.987 kcal mol−1), 1000=T is the inverse of absolute
temperature (in K−1), B is the moisture sensitivity parameter and RH
is the relative humidity (%). From the above obtained Arrhenius
descriptors, rate predictions were determined at 25°C/60 %RH, and
the calculated values were compared to the actual rates obtained
under this condition. Comparison of the model predictions were
made by eliminating the conditions one-by-one where recrystalliza-
tion occurs (e.g., 40°C/75 %RH and 50°C/75%RH), and by including the
actual degradation rate at 25°C/60 %RH.

Results

Characterization of Ball-Milled Mifepristone

Thermal Characterization of Disordered Phases
All the ball-milled samples indicated amorphization, as evi-

denced by the presence of a glass transition temperature (Tg) onset
Figure 1. DSC heating curves of cryo-quenched and select ball-milled Mifepristone samples
the additional peaks that correspond to the metastable form in the unmilled MFP sample.
of 105.7°C in DSC thermograms (Fig. 1). A DSC thermogram of the
sample milled for 5 min indicated an exotherm of non-isothermal
crystallization having an onset temperature of 120°C. With an
extension in milling time (from 15−90 min), there was an incre-
mental shift of this onset of crystallization exotherm to higher tem-
peratures. Also, the crystallization enthalpy (DH) increased from
17.88 J g−1 for 15 min milled sample to 53.05 J g−1 for 90 min milled
sample. This event indicates that a higher proportion of amorphous
solid is generated over increased milling time, and the amorphous
phase resists to recrystallize as compared to the 5 min ball-milled
sample. As the milling progresses from 30 min to 90 min, a second
exotherm near the melting endotherm was also evident. The
enthalpy of the second exotherm signal increases with increasing
milling time, and becomes stable after 90 min, indicating that
higher energy input does not lead to significant changes of this
event.

Interestingly, at the end of 180 min milling there is an appearance
of a single exotherm. The hypothesis here is that upon extended mill-
ing (180 min), the solid becomes excessively defective (vitreous) so
that the resolution between surface and bulk recrystallization events
during heating in DSC is potentially lost. Moreover, for the 180 min
BM MFP, the enthalpies of exotherm and endotherm were almost
equal, indicating a complete transformation of the solid to an amor-
phous state such that the amount recrystallizing during heating in
DSC is the same as the amount melting. DSC analysis of an unmilled
MFP (which contained a mixture of metastable and stable crystalline
forms) sample showed the first melting endotherm (178.2°C) of the
metastable crystal form followed by a small exotherm of crystalliza-
tion to the stable form. Further, both the initial metastable form, and
the converted stable form melt together at 192.8°C.48 All the milled
samples indicate the melting of stable form as evidenced by an endo-
therm having the same onset temperature of 192.8°C. The DSC scan
of the cryo QC amorphous solid indicates a recrystallization exotherm
followed by a melting event of the same (stable) crystalline form. The
delayed crystallization event for the cryo QC sample could be due to
its lower surface to volume, as compared to the milled counterparts.
Although the ball-milled MFP samples were in glassy state (with the
appearance of a same Tg event as in cryo QC solid), their DSC heating
scans do not exhibit recrystallization events similar to the cryo QC
solid, pointing to the differences in the local structure and energetics
as compared to the quench-cooled counterpart.
(left) and T−WAXS scan (right) of a 60 min BM MFP. Stars in the T-WAXS plot indicate
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Variable temperature-wide angle X-ray scattering (T-WAXS)
In order to confirm the identities of the recrystallization exo-

therms observed in DSC scans, a variable temperature WAXS was
performed (Fig. 1). To this end, a 60 min BM MFP sample was
selected as it demonstrated characteristic double exotherms in DSC.
The sample showed a halo diffraction pattern at and under 110°C.
Bragg diffraction peaks were first observed at 140°C indicating that
nucleation precedes crystal growth. Heating to temperatures above
140°C up to 190°C led to an enrichment of the Bragg diffraction sig-
nals, indicating a recrystallization of the amorphous phase. Further,
an absence of polymorphic conversion of the residual crystals dur-
ing heating was confirmed by the enrichment of same Bragg peaks.
It is also evident in Fig. 1 that the amorphous fraction is crystallizing
into a stable form at 190°C, which is different from the pristine
unmilled MFP (as indicated by the presence of Bragg peaks at
2u = 18.5°, 19.5°, 22.2°).
PXRD and Raman Analyses
The powder X-ray diffraction of unmilled MFP (as received drug),

Fig. 2A, indicates intense Bragg diffractions at 2u 7.84°, which corre-
spond to the Form D, while 10.64°, 11.84°, 16.52° corresponds to
Form M. PXRD analysis therefore confirms that the received drug is a
mixture of two polymorphs (reported in literature as form M and
form D) (shown in supplement Fig. S2).48 Upon continuing the mill-
ing process beyond 60 min, the sample revealed an absence of any
Bragg peaks indicating the complete transformation of the solid to an
amorphous form with the appearance of a halo.

The Raman spectrum of unmilled crystalline MFP indicates an
intense peak at 1590 cm−1 with a distinct shoulder at 1614 cm−1. Addi-
tionally, a less intense peak also appeared at 1652 cm−1. These bands
correspond to the carbonyl and olefinic groups present in the molecule.
The ball-milled MFP samples represent a diverse degree of crystalline
content as reflected in the differences in intensities in the wavenumber
region from 1540−1700 cm−1 (Fig. 2B). It can be observed that upon
increasing milling durations there is an increase in the relative broad-
ness of the shoulder peak, which eventually merges with the parent
peak to become a single broad band above 45 min of milling. There is
also an increment in the peak maximum of the intense band from 1590
to 1596 cm−1 alongside a shift in the peak at 1652 to 1658 cm−1 with
increasing milling time. Overall, the appearance of peak broadening
with increased milling time is suggestive of the presence of multiple
conformations in the solid, hence amorphization.
Figure 2. Evolution of amorphization in Mifepristone upon increased ball milling times as ev
Raman spectral bands. (Signals are colored according to the legend shown in B). (For interpr
version of this article.)
SEM Characterization
The SEM micrographs exemplified the evolution of the crystal

morphology of MFP in the course of milling (Fig. 3). The unmilled
MFP represents a combination of smooth surfaced particles with
tetragonal prismatic morphology, and irregular small micron sized
particles. The stable polymorph of MFP has been reported to exist in
the tetragonal prismatic morphology and appear as scattered, how-
ever, the metastable form has been reported to contain finer particles
which appear more homogenous.48 It can be observed that milling
for 5 min leads to a particle size reduction and, a heterogenous distri-
bution of irregular particles along with ridges that are characteristic
of an amorphous state/sites. Upon extending the milling time to
15 min, it seems likely that the particles undergo mechanical fusion
and deformation along the cracked plane. The micrograph of 180 min
BM MFP contains agglomerated fine particles alternating with protu-
berances that are reported as characteristic of the amorphous layer.49

It can be stated qualitatively from these micrographs that
amorphization increases with milling time. Similar evidences of
amorphization have also been reported upon milling a-lactose
monohydrate.50 On the other hand, the cryo QC MFP (E) represents
smooth and fine irregular plate shaped particles, which could be
formed as a result of triturating the quenched glass with a pestle.
Quantification of Crystallinity by Raman Spectroscopy
A partial least square regression (PLS) model was used to quantify

the crystallinity in the milled MFP samples. The PLS model described
here consists of two principal components (PC). The PC-1 explains
98.0% of the variability in the scores, while PC-2 accounts for 1.56%. A
scores plot of Raman spectra of the calibration samples of MFP are
shown in Fig. 4. In addition, all scores lie within the Hotelling’s T2

ellipse and no outliers were detected.
An excellent degree of linearity and similarity between the

observed and predicted values could be observed as evidenced by
R2=0.9946 and the Q2=0.9927. Moreover, the model yielded a root
mean squared error of estimate (RMSEE)=2.474 as well as a predicted
error RMSEP=4.264 (shown in supplement Fig. S3). A slightly high
prediction error (RMSEP) of the validation set could be due to the
inability of the Raman instrument to discriminate small quantities of
amorphous contents above 80% crystallinity in the prepared calibra-
tion mixtures. Utilizing this PLS model allowed the crystallinity of the
milled MFP samples to be determined (values are shown in supple-
ment Table S1). The unmilled MFP shows a crystallinity value of
idenced in A. PXRD patterns (reduction in Bragg diffraction peaks) and B. broadening of
etation of the references to color in this figure legend, the reader is referred to the web



Figure 3. SEMmicrographs of unmilled MFP (A), 5 min BMMFP (B), 15 min BMMFP (C), 180 min BMMFP (D) and Cryo QC MFP (E). Scale bars represent 20mm.
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about 95 § 1%, where the additional »5 % can be attributed to the
presence of two different polymorphs in the received drug.

The model predicts that 5 min milling led to a high degree of
amorphization (»55%), which is consistent with PXRD analysis of the
same sample, where a sharp reduction in the Bragg diffraction
(»50%) was observed. Additionally, milling from 1 to 3 min provides
almost a linear decrease in the crystallinity, i.e, around 10% reduction
every min. Milling above 30 min sharply reduces the crystallinity
(below 7%), and 180 min milling led to a negligible crystallinity
(»0.4%) indicating that the sample is almost completely amorphous.
Previous results from DSC and PXRD corroborate this finding. It is
interesting to note that although the values of crystallinity above
60 min ball milling are below the RMSEE limit (where precision in
the predicted values may be questionable) there is a good correlation
between the degree of amorphous content to the milled duration.
Crystallinity of cryo QC amorphous MFP was about 1.6% which is also
consistent with the expectation that the sample is predominantly
amorphous. Fig. 5 shows that with an increasing ball milling time,
the amorphous content increases in an exponential manner. Such an
exponential relationship was previously reported by Descamps et al.
to explain amorphization kinetics in Dexamethasone.51. Fitting such
exponential equation enables one to derive the relaxation time (t) of
the disordering phase. It is known that the glassy state of the amor-
phous solids constitutes the heterogeneous molecular short-range
Figure 4. Scores plot of Raman spectra of calibration mixtures (on left) and the PLS-regr
order, which gradually become more homogenous as a function of
time through a process referred to as structural relaxation.38 We can
assume here that such a relaxation is occurring transiently during
milling, and competing with the mechanoactivation. The obtained
value of t (5.70 § 0.11 min−1) indicates that the structural relaxation
of MFP can be slower than the collision frequency at 25 Hz (related to
mechanoactivation).

Accelerated Stability Outcome

Recrystallization and Degradation Kinetics of MFP. To investigate the
(in)stability of the milled MFP samples, accelerated stability studies
were carried out at different temperature and relative humidity (RH)
conditions. Unmilled MFP was taken as the control sample represent-
ing a ‘fully’ crystalline material. 5- and 15 min BM MFP were chosen
as the partially crystalline representatives, and 180 min BM MFP
used as the ‘fully’ amorphous sample. The cryo QC MFP was consid-
ered as an alternative amorphous material. Disordered/amorphous
materials are metastable in nature and undergo a competitive trans-
formation to the lower energy crystalline state. Since the unmilled
MFP as received was found to contain a polymorphic mixture of sta-
ble and metastable forms, there was a potential for the metastable
form to convert to the stable form upon stability exposure. The PXRD
analysis of unmilled MFP sample after 42 d stored under 50°C/45
ession (on right) depicting linearity in the observed versus predicted crystallinities.



Figure 5. Predicted crystallinity in the milled MFP samples with PLS model and
amorphization kinetics. The black dots indicate the measured amorphous fraction and
red line shows an exponential fit to data points, as reported previously51 using the
exponential equation shown in the inset box, where t is the mean relaxation time
(min−1).

J. Iyer et al. / Journal of Pharmaceutical Sciences 112 (2023) 2463−2482 2471
%RH indicated a reduction in the intensity of the Bragg peaks corre-
sponding to the metastable form and an increase in the Bragg inten-
sity of the stable form (as shown in supplement Fig. S4). Hence, the
amount of crystallinity reduced in the unmilled MFP over stability
exposure was normalized to 100% and the difference to the observed
crystallinity values was added to the all the other samples (as shown
in Eq. 4). Fig. 6 shows the kinetics of recrystallization and degradation
of different MFP samples.

For 40°C/75 %RH, the recrystallization of samples depended on the
initial amorphous content. The 15 min BMMFP shows a faster recrys-
tallization compared to 5 min BM MFP. This behavior can be attrib-
uted to the higher degree of amorphous content (hence, possibly the
higher molecular mobility) and amorphous-crystalline interfaces in
the 15 min BM MFP sample. However, the recrystallization kinetics is
slower for 180 min BM MFP, which is interpreted to be caused by a
lower nanoscale density heterogeneity as compared to the partially
crystalline counterparts. Recent studies have shown that solid-state
crystallization is governed by a dynamic interplay of amorphous con-
tent and nanoscale density heterogeneity in the sample52,53 Contrary
to this, the cryo QC MFP shows no signs of recrystallization under
these conditions. Simultaneous observation of the degradation kinet-
ics of these samples highlight that a higher degradation is observed
for the sample consisting of higher initial amorphous content, due to
the same hypothesis that the high-energy amorphous fraction is the
main reactant for autoxidation, where-as the crystalline counterpart
degrades at a negligible rate. At 40°C/10 %RH, there is minimal
change in the crystallinity of these samples over 180 d, however, deg-
radation is evidenced in all the samples which follows the previously
observed trend i.e., the higher degree of initial amorphous content,
the faster it degrades.

Evaluation of recrystallization kinetics at 50°C/75 %RH indicate a
similar behavior as that was seen at 40°C/75 %RH, but with an increased
rate. The recrystallization kinetics almost appear to converge in the
milled samples after 30 d. However, it is noteworthy that the crystallin-
ity of all BM samples never complete to 100%. Moreover, an induction
event up to 8 d (where there is no change in the initial crystallinity) is
observed for the 180 min BM MFP sample at 50°C/75 %RH. This obser-
vation is also consistent with that seen at 40°C/75 %RH. Parallel obser-
vation of degradation kinetics in these samples also suggest that the
extent of degradation depends on the initial amorphous content,
although a greater overlap among the 5- and 15 min BM samples is
observed in this case. At 50°C/10 %RH, a reduced overall rate of recrys-
tallization is observed in contrast to that at 50°C/75 %RH. This result is
expected as higher humidity has been reported to induce plasticization
of the amorphous phase by increasing the molecular mobility.54

Recrystallization in all the BM MFP samples at 70°C/75 %RH is
extremely rapid. Considering that 70°C/75 %RH represents the
harshest conditions used in this stability study, this behavior was not
unexpected. It is notable that the 180 min BM MFP recrystallizes
quicker than 5- and 15 min BM MFP. Moreover, almost a complete
conversion to the crystalline phase can be discerned in the 180 min
BM MFP sample at the end of 15 d, compared to the 5- and 15 min
BM MFP samples. This behavior is possibly due to a higher molecular
mobility in the 180 min BM MFP sample that leads to a faster recrys-
tallization propensity upon storage at such a higher T/%RH. Also, it is
interesting to note that a much slower recrystallization is observed
for the cryo QC MFP and recrystallization is not complete even at the
end of 90 d under these conditions. An important contradiction was
notable among the samples stored at 70°C/75 % RH regarding their
degradation behavior. The 180 min BM MFP underwent a faster
recrystallization in the initial days of exposure (<15 d), and later on
degraded to a lower extent in comparison to the 5- and 15 min BM
MFP. Moreover, the rest of the samples degraded as per the remain-
ing residual amorphous fraction with the cryo QC MFP sample
degrading to almost about 3.5% at the end of 90 d.

Subsequent observations of recrystallization kinetics for MFP
samples exposed at 70°C/10 %RH also indicate recrystallization (albeit
much slower than at 70°C/75 %RH) where, the crystallinity of all BM
samples converges to 80% at the end of 30 d. Likewise, their extent of
degradation also converges and becomes comparable after 30 d expo-
sure at 70°C/10 %RH. The cryo QC MFP is more resistant to recrystalli-
zation and degrades to a much higher extent (»6%) at the end of 90 d
under these conditions.

Based on the above observations, the following inference can be
drawn regarding the disorder in the MFP samples. A faster recrystal-
lization was observed for samples stored under elevated %RH com-
pared to those at lower %RH. Both elevated %RH and temperature
are factors which affect the recrystallization. The dominant factor
depends on how close to the Tg is the amorphous phase under a
given stability exposure. Moreover, factors leading to an overall
high molecular mobility of the amorphous phase led to recrystalli-
zation. A cryo QC MFP can exist at a higher energy landscape com-
pared to the 180 min BM MFP, as the former was generated from
the fused molten state, while the latter was generated by inducing a
continuous crystal lattice disorder. The “memory effect” of (nano)
crystallites or nuclei reminiscent in the BM amorphous samples
could contribute as seeds to facilitate further nucleation and crystal
growth. A similar observation was also reported for ursodeoxycholic
acid where the cryo-quenched amorphous solid remained amor-
phous even after seeding with the crystals, while the grounded
material underwent crystallization upon exposure to ethanol
vapors.55

The degree of crystallinity in the milled MFP samples has a defi-
nite relationship to the disordered phase undergoing degradation
(autoxidation). A higher degree of degradation was overall witnessed
at lower %RH. This can be attributed to the presence of higher
amounts of amorphous fraction remaining in the samples at lower
%RH, owing to a minimal to negligible competitive recovery due to
recrystallization. The unmilled ‘pristine’ crystals degrade to a lesser
extent than the milled samples at all the conditions, which confirms
that the amorphous phase is predominantly degrading.

Moisture Sorption and Desorption Behavior. To investigate the mois-
ture sorption behavior of the amorphous samples, a DVS analysis was
performed. A comparison of moisture sorption behavior of the milled
amorphous (180 min BM MFP), cryo QC amorphous MFP, and the
unmilled crystalline MFP is shown in the Fig. 7.

For the crystalline/unmilled MFP, there is minimal difference
between the moisture sorbed and desorbed cycle, with a maximum
moisture gained at 90 %RH less than 0.1%. However, for the 180 min
BM MFP (milled amorphous), 1.83% moisture is gained at 90 %RH
which is typical for amorphous solids (as amorphous solids normally



Figure 6. Plots demonstrating recrystallization kinetics (on the left) and degradation kinetics (on the right) of Mifepristone samples containing different degree of disordered con-
tent, stored under different accelerated stability conditions. Colored triangles represent the average value while error bars demonstrate standard deviation of individual samples
(n = 3). Colored lines are for visual aid only. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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sorb up to 10−20% more moisture than crystals). In addition, the hys-
teresis of desorption isotherm is consistent with the plasticization of
amorphous phase. The samples were evaluated at 25°C and the
reports are expected to be the ‘equilibrium moisture’ gain.

It can also be observed that the moisture sorbed by 180 min BM
MFP is higher than the cryo QC MFP. A possible explanation for this is
ascribed to the amorphization resulting from accumulation of crystal
defects in the milled sample enhancing the free-volume for stronger
moisture−solid interaction thereby facilitating absorption.56 The
degree of hysteresis observed in the cryo QC MFP is lower than
180 min BM MFP, which implies a reduced tendency for the
quenched amorphous solid to undergo plasticization.57,58

In addition to the DVS evaluation, the moisture gained in the sam-
ples exposed to accelerated stability exposure was also evaluated by
gravimetry. Fig. S5 (supplement), shows higher moisture gain corre-
lates with higher amorphous content, however, higher observed
errors and overlap impede an accurate interpretation. The moisture
gain trend at 50°C/75 %RH are consistent with an initial higher mois-
ture uptake of the amorphous sample followed by a decrease in the
overall gain. This initial moisture gain is sustained for a longer time
for the samples exposed at 40°C/75 %RH as compared to the ones
exposed at 50°C/75 %RH. The decreasing moisture levels could be
attributed to the recrystallization (which is faster for the samples
exposed at 50°C/75 %RH as compared to 40°C/75 %RH). The rate of
moisture gain therefore competes with recrystallization of the amor-
phous phase during the stability exposure. Moreover, for cryo QC
MFP, the extent of weight loss is much slower compared to the BM
samples, which is in line with previous observation. The maximum
moisture gain determined gravimetrically was 1.6 § 0.5 %w/w for the
cryo QC MFP and 1.4 § 0.5 %w/w for the 180 min BM MFP. These val-
ues are in good agreement with the ‘equilibrium moisture gained’ by
the sample under DVS analyses.



Figure 7. DVS sorption-desorption isotherms for crystalline and amorphous MFP sam-
ples at 25°C.
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Plasticization and annealing effects. The high energy and hygroscopic
amorphous phases in milled solids can undergo plasticization upon
the moisture sorption. Water increases the molecular mobility of the
amorphous phase thereby leading to a reduction in Tg.59 To evaluate
the degree of plasticization in the milled MFP sample, DSC analyses
was performed in a hermetically sealed pan to identify a ‘wet Tg’ for
the 180 min BMMFP sample.

A representative 180 min BM MFP sample was selected as this
sample sorbed the highest amount of moisture (»1.83 %w/w) upon
exposure at 40°C/75 % RH for 30 d. Fig. 8 shows the thermal events
observed in the sample. The total heat flow scan reveals a depression
in the Tg value and an appearance of a recrystallization exotherm and
a melting endotherm. The zoomed inset presents the corresponding
reversing heat flow signal comparing the Tg profiles of unexposed
and exposed sample. The exposed sample has a Tg value 83.6°C, while
that of the unexposed sample is 105.6°C indicating the plasticization
of the amorphous phase due to water sorption. The theoretical Tg
value of the sample with the given moisture fraction obtained from
the Fox eq. (Tgmix

−1 = wMFP*TgMFP
−1+wwater*Tgwater

−1, where w is the
respective weight fraction) was found to be 93.9°C. This indicates
that there can be a non-ideal mixing interaction of the sorbed water
with amorphous MFP in the plasticized state, elevating the mobility.
Fig. S5 (shown in the supplement) compares the gravimetric mois-
ture sorption kinetics of the samples exposed at 40°C/ 75 %RH and at
50°C/75 %RH. It can be seen that the trend in sorption kinetics of
amorphous samples is comparable across these temperatures for the
level of moisture sorbed. Since the chosen stability conditions were
Figure 8. DSC heating curves (recorded using the hermetically sealed pans) of 180 min
BM MFP exposed to 40°C/75 %RH for 30 d highlighting the influence of plasticization
on Tg onset. The zoomed inset compares the Tg onset of an unexposed 180 min BM
MFP sample to that of this exposed sample in a reversing mode (by modulated DSC).
overall lower than the plasticized Tg, it can be presumed that
these samples degrade in the glassy state (below Tg) under these
conditions.

Samples exposed at 70°C/75 %RH were also analyzed to evaluate if
the recrystallization was complete, and to determine the impact of
annealing on the disordered state. Fig. 9 highlights an overlay com-
parison of heating scans (DSC) of the milled and amorphous MFP
samples exposed at 70°C/75 %RH for different durations. The influ-
ence of annealing of the crystal disorder accompanied with (order-
ing) recrystallization in the milled MFP samples is clearly observed.
Increasing the exposure times from 0 d (unexposed) to 30 d results in
a drastic reduction in the enthalpy of recrystallization in all the
milled samples indicating that the amorphous fraction reduces over
time. For the 5- and 15 min BMMFP samples, the change in recrystal-
lization exotherm is almost comparable after 8 d, consistent with the
observed extent of recrystallization in these samples. However, for
the 180 min BM MFP sample, a drastic decrease in the recrystalliza-
tion enthalpy (alongside a shift in the recrystallization onset temper-
ature) is evidenced. This phenomenon is related to the higher
molecular mobility in this sample as compared to the partially crys-
talline MFPs. Also, the drastically reduced recrystallization enthalpy
for the 180 min BM MFP sample is attributed to its higher degree of
crystallinity within the first 8 d of exposure (Fig. 6)

A distinct Tg (in reversing flow) was not possible to distinguish in
these samples probably due to the temporal decrease of amorphous
content, and an increased interference from sorbed water. Yet, small
quantities of amorphous phase were even preserved until the end of
such a long-term harsh exposure (30 d). Moreover, the recrystalliza-
tion is not complete in any of these milled samples even at the end of
30 d at 70°C/75 %RH exposure, which poses an interesting question
about the evolution of crystal defects in pharmaceutical solids. It can
be acknowledged that identifying factors, which could heal these
crystal defects, will have important repercussions to stability.

The thermogram of cryo QCMFP reveals striking differences in the
crystallization and annealing behavior. A distinct Tg is observed in a
freshly cryo QC MFP sample which undergoes remarkable relaxation
as apparent from the sharp enthalpy recovery over the course of stor-
age at 70°C/75 %RH. The enthalpic relaxation undergoes random
shifts in its onset temperature over the course of exposure alongside
the change in the onset of melting. The latter could be due to the for-
mation of oxidative degradants. In addition, the recrystallization exo-
therm preceding the melting endotherm persists at the end of 30 d
indicating the sample�s partly crystalline nature.

Replication of Experiments at Multiple Sites. The competition observed
among recrystallization and degradation rates is important, yet there
is a missing link in understanding the degradation of amorphous sol-
ids. With a purview of examining the reproducibility of these phe-
nomena in MFP, Pfizer U.K. Ltd and AstraZeneca Inc. conducted the
studies under diverse stability conditions using the protocol outlined
in section "Accelerated Stability Evaluation".

Fig. 10 shows the degradation and recrystallization kinetics for
selected samples milled at and below 15 min. These results present
trends similar to that seen before.

The recrystallization rates systematically increase over time;
being faster for samples milled for higher duration (more amor-
phous). It can be observed that the recrystallization rates are much
slower for the samples exposed to 40°C/75 %RH, as compared to
those at 50°C/75 %RH, which is consistent with the higher molecular
mobility at 50°C facilitating the recrystallization. However, a signifi-
cant difference in the recrystallization rates cannot be observed
among the samples exposed to 50°C/75 %RH and 50°C/45 %RH. It fol-
lows from two conditions that the milled samples attain a similar
crystallinity at the end of 28 d, as these values coincide. The samples
with higher amorphous content degraded to a higher extent which is



Figure 9. Overlaid DSC thermograms indicating the annealing and recrystallization of disordered MFP samples upon exposure to 70°C/75 %RH for different days (d). A, B, C and D
represent the 5-, 15-, 180 min BMMFP, and cryo QC MFP respectively. Black arrows point to the changes in recrystallization exotherm.
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analogous with our previous observation (Fig. 6). The samples
exposed to 50°C/75 %RH degrade higher than the ones at 40°C/75
%RH, and almost equivalent to the ones exposed at 50°C/45 %RH. A
possible explanation to this event is attributed to the presence of
remaining amorphous content (that has not undergone recrystalliza-
tion). To summarize, a competition between recrystallization and
degradation was observed here, and their rates (and the extents)
were comparable to that shown in Fig. 6. Noteworthy here is that the
recrystallization rates are generally higher than the degradation
rates, signifying the inherent propensity of MFP is to crystallize.

Fig. 11 depicts the comparison of recrystallization and degrada-
tion kinetics of MFP samples examined at AstraZeneca Inc. No change
in the crystallinity was observed for the majority of the samples at
40°C/10 %RH. There was also minimal to no change in the crystallinity
of samples exposed under 40°C/75 %RH as well, contrary to our previ-
ous findings. A possible reason for this behavior could be associated
with ageing of the milled sample. Ageing of milled solids under
humid conditions has been reported to reduce the surface energies
and enhance their physical stabilities.37,60,61 The approximate time
between the day the solids were milled and the day the solids were
exposed under stability conditions, in this case, was 150−180 d,
which could have an impact on reducing the surface free-energy and
the molecular mobility. Before exposing to stability studies, the
milled solids were stored in a refrigerator at 5°C. The influence of
ageing of the milled trehalose has been described by Descamps
et al.62 where, sub-Tg annealing at 70°C, rendered an overall increase
in the onset temperatures of the (sub-Tg) endotherm corresponding
to molecular relaxations. Due to the absence of recrystallization event
at 40°C/75 %RH, the degradation values are comparatively higher to
that observed in Fig. 6.

On the other hand, the samples exposed under 70°C undergo
recrystallization where the kinetics is faster at 75 %RH as compared
to 10 %RH. A similar trend in the competition between the recrystalli-
zation and degradation compared to results in Fig. 6 is observed in
the milled samples, where the degradation is faster at lower %RH,
owing to the competitive recovery of crystallinity at higher %RH.

Elucidation of Degradation Mechanism. MFP was found to undergo
autoxidation resulting in the same degradants in solid-state stress
(RapidOxy�) as that were formed in solution stress study (using AIBN
as the stressor). Moreover, a major additional degradation peak is
observed in solution stress study (AIBN) which is attributed to the
hydroxylated product of MFP similar to that reported for metabolite
investigations in MFP.63 A control solution (devoid of AIBN) exposed
under the same stress conditions (50°C/5 h) did not indicate any
degradants. This implies that the drug solution is chemically stable
under the exposed conditions. However, the free radicals generated
from AIBN decomposition causes autoxidation. Common degradants
formed under solution- and solid-state stress studies for the above-
mentioned samples and a cryo QC MFP exposed for 90 d at 70°C/10
%RH are labelled from a−d in the chromatogram Fig. 12. The struc-
tures of these degradants were assigned based on their accurate and
tandem mass spectra. The mass spectrum of individual autoxidation
products is shown in Supplement (Fig. S7). The N-demethylated MFP
(a) was the major degradant (0.91 RRT) formed in all the BM MFP
samples under accelerated stability conditions. However, N-di-



Figure 10. Plots demonstrating recrystallization kinetics (on the left) and degradation kinetics (on the right) of MFP samples. Colored lines are for the visual aid only. (Experiments
were conducted at Pfizer U.K. Ltd). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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demethylated degradant (b), and a N-hydroxylated product (c) was
also formed in minor quantities upon extended storage. These prod-
ucts were already reported previously.63 Another minor degradant
(d) results from the abstraction of H-atom from hydroxylated de-
methylated MFP.

The formation of these degradants can be accelerated in a short
period of time by exposing the solid samples to high pressure O2 gas
i.e. RapidOxy� (700 kPa O2/100°C/2 d) which is consistent with our
previous observation.64 Moreover, the absence of these degradants in
the control sample exposed under N2 gas in RapidOxy� (700 kPa N2/
100°C/2 d) confirms that the degradation mechanism involves autox-
idation (i.e. the presence of O2 is a prerequisite), and that the same
high pressure and high temperature without oxygen is unable to
induce reaction. Fig. 12B indicates the mechanism of demethylation
which might occur in the solid-state. A free-radical mediated autoxi-
dation mechanism is proposed for the formation of demethylated
products, where it is postulated firstly that ball-milling MFP gener-
ates free-radicals (as a consequence of amorphization) that reacts
with molecular oxygen (in air). The subsequent steps involve bond-
rearrangement resulting in the elimination of methyl group. These
steps are expected to repeat in tandem thereby leading to the forma-
tion of di-demethylated MFP.

Kinetic Modelling of the Stability Data. As presented in Fig. 6,
unmilled (crystalline) MFP presented minimal degradation during
stability testing compared to milled (disordered) samples. As accel-
erated stability-based methods for predicting the degradation of
pristine crystalline solids already exist, the primary focus here is on
modelling the degradation of disordered MFP solids. Normalizing
the degradation values with respect to the amorphous fraction in
the preceding stability time point provided an effective degradation
value which was fitted with a diffusion model (Eq. 6) to extract the
degradation rate constants (Table 4). A general trend of increased
degradation with increased amorphous content can be ascertained
using this table. The 70°C/75 %RH data was not considered here as
there was a drastic reduction in the amorphous content to 0% within
the first few days of exposure. It is thus recognized that this
approach can only be useful to model the degradation, where the
recrystallization is not complete. Also, harsh conditions can result in
secondary degradation.

A natural logarithm was applied to the autoxidation rate con-
stants (supplement Table S2). Application of the extended Arrhenius
eq. (Eq. 7) was extended by surface fitting the degradation rate
points, providing a good fit (R2 above 0.95) in all the cases (Fig. 13).
Here, the selection was limited to 4 conditions: 40°C/10 %RH, 40°C/
75 %RH, 50°C/10 %RH and 50°C/75 %RH. This excluded the harsher
70°C conditions. The surface fitting allowed extraction of the respec-
tive Arrhenius kinetic triplet ln A, Ea, and B, which were used to cal-
culate the degradation rate at 25°C/60 %RH. The degradation profile
of samples stored under 25°C/60 %RH is shown in the supplement
Fig. S8.

Table 5 shows a strong correlation between the predicted and
actual degradation rates for the milled samples. Predicting the degra-
dation for the fully amorphous MFP samples, however is more chal-
lenging. Moreover, the B-term (humidity sensitivity parameter) is
negative indicating an inverse correlation to the degradation. This
result emphasizes that moisture-induced recrystallization competes
with degradation. Additional validation of the model predictions was
made by eliminating conditions where recrystallization was observed
and attempting to predict the degradation rates of samples at those



Figure 11. Plots depicting recrystallization kinetics (on right) and degradation kinetics (on left) of MFP samples. Colored lines are for the visual aid only. (Experiments were con-
ducted at AstraZeneca Inc.) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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eliminated conditions. A good degree of similarity between the pre-
dicted and actual values are observed for the partially crystalline
sample (Fig. 14).

Fig. 14 shows the predicted degradation rates are increasing for
samples as a function of their initial amorphous content, therefore,
samples with higher amorphous content undergo a higher degrada-
tion under the exposed conditions. However, cryo QC MFP appears as
an exception, where the plausible differences in the dynamics of the
amorphous state appears to be complicate the accurate predictions.

Results similar to that described above were also attained by
modelling degradation kinetics (with diffusion equation fitted) and
applying the modified Arrhenius equation by AstraZeneca Inc. (using
the experimental data shown in Fig. 11). Here, the use of highly aged
samples resulted in a flat recrystallization trend under most of the
exposure conditions except 70°C/75 %RH. In the latter case, sufficient
model fits (based on diffusion model) were obtained even without
normalizing for the amorphous content (data shown in supplement
Fig. S10 and Table S3). A possible explanation to the excellent surface
fits is due to the absence of recrystallization of MFP samples under
most of the conditions.
Discussion

Amorphization of MFP During Ball Milling

The as-received MFP was initially characterized by multiple solid-
state analytical techniques: DSC, PXRD, FTIR, and Raman spectroscop-
ies. Although the data from DSC and Raman measurements could
only indicate the presence of a metastable polymorph of MFP, PXRD
and ATR-FTIR were sensitive enough to detect the presence of a poly-
morphic mixture. The as received MFP (unmilled) was considered as
a crystalline reference for determining the crystallinity of milled sam-
ples. Thermal analysis of BM MFP indicated that the amorphous con-
tent increases with the milling time (as shown by the increasing
levels of recrystallization enthalpies). The recrystallization kinetics of
milled MFP solids depicted a progressive development of exotherms
upon milling for longer durations as was also shown in the case for,
Dexamethasone.51 Moreover, the shifting of onsets of the recrystalli-
zation event to temperatures with progressive milling time indicates
the stabilizing nature of milled amorphous state which is consistent
with the previous report17 (Fig. 1, Fig. S3). As shown in supplement



Figure 12. A. Stacked chromatogram highlighting the similarity of MFP-autoxidation degradants formed under solution and solid-state stress studies as well as under accelerated
storage and B. Proposed mechanism of demethylation by autoxidation of MFP. (ROXY-RapidOxy�).
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Fig. S3, the samples milled below 5 min do not evidence a Tg, thus any
form of disorder generated is expected to be predominantly at the
crystal surface. The recrystallization exotherm observed in these
samples can be attributed to the reorganization of the crystal defects
(possibly at the surface) to more ordered crystals. It appears that mill-
ing at- and above 5 min leads to the accumulation of excess defects,
attesting a Tg of amorphous phase in the thermograms. For samples
milled above 30 min, a dual exothermic response was observed.
Investigation of these exotherms (60 min milled MFP) indicated an
enrichment of Bragg diffraction signals that precludes any polymor-
phic transformation. However, it could be seen that the enriched
Bragg signals (corresponding to recrystallization of the amorphous
fraction) are different to the pristine (as received) MFP crystals. In
addition, a single melting event corresponding to the stable poly-
morph was recorded for these milled samples in DSC. These findings
may suggest that the recrystallization of a stable polymorph of MFP
Table 4
Extracted autoxidation rates for disordered MFP samples.

Temperature (°C) § 1°C Relative humidity (%RH) §5% Degradation

5min BM (d−1)

40 10 2.7 § 0.2
40 75 1.0 § 0.1
50 10 1.8 § 0.7
50 75 1.4 § 0.4
70 10 12.0 § 0.6
25 60 1.7 § 0.2
from the amorphous (milled) solid is linked to both surface- and bulk
recrystallization occurring in the supercooled liquid state. Trasi
et al.65,66 evidence dual exotherms in several cryo-milled solid drugs
(e.g. Piroxicam, Griseofulvin) to be attributed to the surface- and bulk
recrystallization phenomena, respectively. The former being faster
occurs at relatively lower temperatures. Interestingly, for the
180 min BM MFP, only a single exotherm (in DSC) was observed,
which could suggest the occurrence of concomitant surface- and bulk
crystallization. A similarity in the recrystallization and melting
enthalpies of 180 min BM MFP suggests that the sample has recrys-
tallized during the DSC run which is otherwise fully amorphous as
prepared. The cryo QC MFP also evidenced a Tg similar to the milled
samples indicating its vitreous nature.

PXRD analysis did not reveal any change in the existing poly-
morph, rather it showed a reduction in the Bragg diffraction peaks
upon increasing milling times, indicating amorphization. A similar
rate constants of MFP samples shown as mean § standard error (n = 3) *103

15min BM (d−1) 180min BM (d−1) Cryo QC (d−1)

4.2 § 0.6 11.4 § 0.5 17.7 § 1.6
1.7 § 0.1 3.5 § 0.2 5.7 § 0.3
6.0 § 1.7 12.2 § 2.7 21.9 § 2.8
2.3 § 0.8 4.2 § 1.7 10.8 § 1.0
33.8 § 2.9 39.1 § 8.6 127.0 § 8.6
4.1 § 0.3 5.9 § 0.5 1.1 § 0.2



Figure 13. Application of extended Arrhenius equation (Eq. 8) to generate the fitted surface plots. A goodness of fit (R2) of >0.95 was obtained in all the cases.
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inference was supported with Raman and FTIR spectroscopic meas-
urements (Fig. 2). Descamps et al. have reported that milling a solid
above the Tg of its amorphous phase usually results in polymorphic
transformation, while milling below the Tg induces
amorphization.67,68 Considering that Bragg peaks for the milled sam-
ples do not differ in this study, it can be said that the powder during
milling would have a temperature lower than the Tg i.e. <105°C.

Assessment of the Degree of Disorder and Amorphization

Key factors need to be considered while selecting a technique for
evaluating the degree of crystallinity in the milled solids based on
sensitivity to polymorphic transformation, interferences from mois-
ture or other contaminants/degradants, and discrimination between
the crystalline or amorphous phases.
Table 5
Derived Arrhenius parameters (by surface fitting) used to predict degradation under 25°C/6
are shown for the predicted and actual degradation rates.

Samples Ln A Ea/R B (%−1) Ln k

5mim BMMFP 5.61 6.74 −0.015 −6.70
15mim BMMFP −0.34 2.40 −0.019 −5.54
180mim BMMFP 9.85 6.79 −0.015 −5.52
Cryo QC MFP 1.47 3.19 −0.020 −5.13
Raman spectroscopy was considered appropriate due to its non-
destructive nature allowing us to retain the same samples after anal-
ysis. We found comparable crystallinity by PXRD and Raman method
for a 5 min BM MFP (data not shown). Ideally, the crystallinity from
the Raman method needs to be cross validated with PXRD technique
for entire crystallinity level. However, owing to the small sample
quantity, sampling time, and throughput requirements, Raman
method was preferred. Also, unlike DSC, the Raman method does not
involve heating hence, it can be expected to retain the original crys-
tallinity and the physical state of the sample. Raman calibration sam-
ples represent a two-phase physically mixed system as compared to
the one-phase disordered system. However, owing to the indiffer-
ence between the Raman spectrum of the 180 min BM MFP sample
and that of the cryo QC MFP sample, we believe the differences in
predicted crystallinity values would be negligible. The 180 min BM
0 %RH and comparison to the actual degradation rates at 25°C/60 %RH. Standard errors

Predicted k25°C/60 %RH (d−1) x 103 Actual k25°C/60 %RH (d−1) x 103

1.20 § 0.04 1.70 § 0.20
3.90 § 0.04 4.10 § 0.30
4.00 § 1.00 5.90 § 0.50
5.90 §1.00 1.10 § 0.20



Figure 14. Comparison of the predicted and actual degradation rates for MFP samples containing different degrees of disorder stored at A: 25°C/60 %RH, B: 40°C/75 %RH, and C: 50°
C/75 %RH. Black spotted bars (filled) indicate the predicted degradation rate and the empty bar with fine dots indicates the actual/observed degradation rates. The error bars denote
the standard error in the fitted parameters.
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MFP was considered as the reference amorphous in order to simulate
the particle effects of milled samples. A good R2 and low RMSEE score
were obtained in the calibration samples which supports the utility
and performance of this model for evaluating the crystallinity. Multi-
variate analysis of the Raman spectra of the milled MFP samples was
evaluated with a generated PLS model that illustrated the exponen-
tial nature of the amorphization kinetics. This observation is consis-
tent with the reports on milling induced amorphization kinetics
observed for Dexamethasone51 and Sulfathiazole.69 For MFP, a dra-
matic amorphization proceeds within the first 5 min of ball milling
(about 50 %) (supplement Fig. S3), as evidenced by a sharp difference
in the vibrational bands in Raman spectra. Interestingly, the DSC
analysis revealed much higher crystallinity value for the same 5 min
BM MFP sample (data not shown). This is expected in the presence of
crystal defects as they still need energy to break the remaining crystal
lattice interactions upon melting thus leading to similar fusion
enthalpy as that of the crystal (hence higher crystallinity).70 The
mDSC analysis (supplement Fig. S3) did not reveal a distinct Tg in the
samples milled below 5 min, rather exotherms corresponding to
recrystallization were observed, which suggest that the milled solids
predominantly consist of surface crystal defects.

Investigation of (in)Stabilities

Following the identification of crystallinity in the milled samples,
the next objective was to subject the samples to accelerated storage
conditions. Owing to the higher molecular mobility in the milled (dis-
ordered) crystals, such solids have been commonly reported to
undergo physical transformation (recrystallization). A commonly
held notion is that an amorphous solid prepared by undercooling a
melt undergoes recrystallization at much reduced rate as compared
to the milled counterparts. This is because of the presence of residual
seed (crystals) present in the milled solids that facilitates a “memory
effect” which is expected to be absent in the melt quenched solid. On
the other hand, several reports have highlighted the higher chemical
degradation of an amorphous solid as compared to its crystalline
counterpart, where a reasonable correlation exists among the molec-
ular mobility to their degradation (rates or extent). The works pub-
lished previously from our group have investigated the differences in
nanoscale density heterogeneity in the milled solids.52 The invariant-
Q obtained from small angle X-ray scattering (SAXS) quantifies the
density heterogeneity and is related to the entropy of the system. A
relationship was observed between the nanoscale density heteroge-
neity and autoxidation for disordered Simvastatin.53 Considering the
above-mentioned aspects, we believe that a competition exists
between the recrystallization and degradation phenomena in amor-
phous (milled) solids upon storage that is driven by the molecular
mobility. The investigation of crystallinity (via Raman) and degrada-
tion (via LC) was performed on the same sample to minimize any var-
iations. Under accelerated stability conditions, the recrystallization
rate of milled MFP was considerably faster than that of the
degradation rate. The slopes of the degradation curves were propor-
tional to the initial amorphous content in the milled MFP samples,
which signifies a relationship of higher amorphous content to a faster
and higher extent of degradation. The cryo QC MFP was the slowest
to recrystallize hence, the fastest to degrade. Interestingly, the extent
of recrystallization was never complete under any of the conditions,
which implies that the residual amorphous content underwent deg-
radation. The control crystalline sample (unmilled MFP) degraded to
a much lower extent (<0.1%) under the accelerated conditions which
testifies that the amorphous counterpart is indeed degrading. Assess-
ment of particle sizes of the MFP samples was carried out over the
course of a representative stability exposure (40°C/75 %RH) (supple-
ment Fig. S6). It was expected that upon exposure to elevated humid-
ity, the particle size would increase as a result of agglomeration
formed due to water bridges.71 However, contrasting reports have
highlighted anomalous behavior of particle size reduction of milled
particles upon stability exposures where, the claimed mechanism
involved ‘stress-relaxation’ of milled particles driving particle de-
aggregation.72 Here an insignificant change in the mean particle size
(D50) (supplement Fig. S6) meant that no trends in the particle sizes
are visible. Thus, it can be concluded that a higher degradation in
MFP is truly a result of amorphous contents.

Investigation of the moisture sorption potential of the 180 min
BM MFP and the cryo QC MFP (Fig. 7) indicated that the former sorbs
a higher moisture amount. This could be due to the presence of crys-
tal defects, hence larger free energy and free volume. However, con-
sidering that the amorphous steroidal molecule is hydrophobic (log P
»4.5),73 the degree of sorption is typically not more than 2%. This
finding has an implication on the plasticization of the amorphous
phase. It was noted for a sample with the highest moisture (»1.8%),
that the plasticization of amorphous phase resulted in a reduction of
Tg (by »20°C) yet, MFP is expected to degrade and recrystallize from
the glassy state under the accelerated stability conditions. Investiga-
tion of annealing the crystal defects at higher temperature and %RH
(70°C/75 %RH) (with DSC) did not indicate a completion of recrystalli-
zation in any of the samples. Rather, it appears that the amorphous
phase experiences a ‘fractal effect’ (rigid arrangement of amorphous
clusters in a way that reduces further crystallization-induction by an
overall reduction in the mobility, free volume, and moisture percola-
tion) at a higher (85−90%) crystallinity, after which the recrystalliza-
tion rates are negligible (Fig. 10). Here, the samples milled below
5 min (low degree of disorder) show the same trend of increasing
degradation with higher initial amorphous content.

Examination of the major degradants emerging in the accelerated
stability studies indicated them to be demethylated and di-demethy-
lated products of MFP. Oxidative dealkylation have been reported to
occur in amines in the solution state.74 We propose a mechanism
where amorphization results in the formation of free radicals that ini-
tiate subsequent steps of autoxidation. The formation of free-radicals
as a result of mechanoactivation or processing has been previously
reported.75,76 A comparison of the degradants formed in the solid
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state with that of the solution stress study conducted with AIBN also
reflects a similarity that corresponds to the free-radical based autoxi-
dation mechanism.

Kinetic Modelling of Degradation Accounting Crystallization

The commonly used solid state degradation prediction technique
is based on the application of extended Arrhenius equation (factoring
in the humidity) such as accelerated stability assessment program
(ASAP). Although such a model is widely recognized in the pharma-
ceutical industry for evaluating degradation of crystalline solids, lim-
ited cases of use are reported for situations where a change to the
solid state occurs. Here, we make an investigational attempt to model
solid state degradation (autoxidation) by accounting for the recrystal-
lization of disordered solids. An important feature of competition
between recrystallization and degradation in such solids is described
here, and is analogous to the report for intramolecular cyclization of
Gabapentin.77 The choice of selected accelerated temperature and
humidity conditions was such that the samples are stored below the
‘wet Tg’ of amorphous fractions. An initial inspection of degradation
kinetics factored with respect to their amorphous content (at preced-
ing time point) indicated that selecting extreme conditions (e.g., tem-
peratures above Tg−50°C) may present modelling difficulties due to
propagation of errors while interpolating to long-term conditions.
Application of diffusion model was shown to approximate the degra-
dation kinetics (autoxidation) in all the samples (supplement Fig. S7),
although a slight non-linearity was observed as expected for solid
state degradation. In cases where competitive recrystallization
occurs, the degradation kinetics tapers off over the exposure time
and may show deviations from the fit. Therefore, limiting the kinetic
time points to lower exposure times has been proposed, which is
analogous to the iso-conversion approach that assumes linearity over
those exposure times.

An inspection of Arrhenius surface fit to the actual degradation
rates (un-normalized with respect to preceding amorphous content
shown in the supplement Fig. S9), did not indicate a good fit (R2<0.9)
for the samples undergoing concomitant crystallization. However,
normalizing degradation rates to the preceding amorphous content
led to an excellent Arrhenius (surface) fit (Fig. 13). A decent correla-
tion among the predicted and actual reaction rates was observed for
the 5- and 15 min BM MFP samples under long-term stability condi-
tions (where the samples do not recrystallize) as well as under condi-
tions, where recrystallization was observed. Degradation predictions
were within the standard errors for the 180 min BM MFP sample
stored under long-term stability conditions. However, they deviated
under accelerated conditions. It is reported that molecular mobility
of the amorphous phase might be a major contributor to both recrys-
tallization and degradation.38,78 Studies have highlighted that, differ-
ences in the nature and origin of molecular motions depend on
storage time and temperature.79 It is recognized in this work that
depending on the amount and plasticization of amorphous phase
present in the sample, their recrystallization dynamics largely differ.
The presented approach to model degradation therefore cannot be
used in conditions where the sample has completely recrystallized.
Otherwise, the degradation values fall to zero, due to zero amorphous
content. The degradation kinetics of replication experiments per-
formed at Pfizer could not be modeled owing to the limited studied
conditions (as a minimum of 4 points are required for applying a sur-
face fit). Nonetheless, the degradation kinetics of experiments per-
formed at AstraZeneca indicated an excellent Arrhenius surface fit
(shown in supplement Fig. S10) and allowed determination of the
shelf-life of the milled solids (shown in supplement Table S3). Con-
sidering that the milled samples were annealed over the time they
were loaded to stability, the amorphous phase tends to remain physi-
cally stable. This could explain why a surface fit was possible even
without normalizing for the preceding amorphous content. In the
cases where the amorphous phase prefers to recrystallize, normaliz-
ing the actual degradation rates seems to improve the fits.

Scope and Opportunities of Present Work

Opportunities in improving the outcome of presented semi-
empirical model can include the identification and exploration of
molecular factors contributing to differences in degradation.
Although, the present study was carried out to understand the role of
differing amorphous contents on the chemical stability (autoxida-
tion) of MFP, a clear opportunity remains in exploring the influence
of molecular mobility on the storage stability of the drug. Considering
both degradation and recrystallization rates have been shown to
depend on the molecular mobility, we believe that studying the
change in molecular mobility over the time of stability exposure
could be factored into the development of robust predictive stability
models. In addition, the implication of (unintentionally) varied hold
time between fresh milling to loading the stability batches was
shown to alter the recrystallization rates, hence, the degradation
(Fig. 11). Interestingly, the extent of degradation increased for MFP
solid that presumably annealed over the course of storage (did not
evidence recrystallization) (Fig. 11). Examination of surface free ener-
gies of milled MFP solids over the course of fresh milling and during
extended storage could provide additional clues about the relation-
ship among the surface free energy−recrystallization−molecular
mobility that could shed insights into its degradation behavior.
Although annealing has been proven to improve the physical stability
of drugs, its influence on autoxidation remains to be explored. The
answers to these complex solid-state phenomena driven by molecu-
lar dynamics are at least not straightforward, and will appeal to the
upcoming research possibilities existing unexplored in this domain
integrating deep material science principles. Secondly, ample oppor-
tunities exist in quantifying the disorder (low level, <1−5%) by
microscopic techniques, apart from conventional techniques. Taken
together, it seems promising that the development of sensitive tech-
niques in quantifying the change in disorder (or amorphous content)
over stability storage, alongside the investigation of molecular
dynamics (molecular mobility) holds further promises in developing
a robust solid-state stability by design paradigm.

Conclusions

This study was envisaged to understand the influence of crystal
disorder on the autoxidation of a model drug (MFP). The selected
drug has a high Tg and underwent amorphization/crystal disorder
upon ball milling at room temperature which followed an exponen-
tial behavior as reported for many other drugs.35,51 The milled sam-
ples were characterized by different solid-state techniques which
indicated different degree of crystallinity depending on the milled
duration. Subjecting MFP samples with different degree of amor-
phous content (with fully amorphous and fully crystalline MFP sam-
ples as controls) under accelerated stability conditions evidenced a
competition between recrystallization and degradation. The mecha-
nism of degradation in the solid-state was similar to that occurring in
solution state stress study (AIBN as the stressing agent), proving it to
be autoxidation. Demethylated products were primarily formed in
the solid samples stored under the accelerated stability conditions.
Crystallinity in the samples was quantified using a Raman-PLS model.
Samples containing a higher initial amorphous content degraded to a
higher extent under the stability conditions, thus implying a correla-
tion. By normalizing the degradation behavior of the disordered sam-
ples with respect to their amorphous content (in preceding
timepoint) the degradation kinetics could be fit to a diffusion model
(as oxygen diffusion has been known to be rate limiting to induce
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autoxidation). Extracting the autoxidation rate constants for condi-
tions with and without recrystallization allowed an application of
surface fit (with extended Arrhenius equation) that enabled predic-
tion of the degradation kinetics of milled solids at long-term storage
conditions. An exception to successfully predicting the degradation
rate was observed for the fully amorphous (180 min BM MFP and
cryo QC MFP) samples, which was rationalized as an effect of the
rapid change in the amorphous dynamics, faltering the predictions.
Such a semi-empirical model could therefore be useful in predicting
the degradation in samples with partial crystallinity as might occur
for samples that are commonly subjected to processing conditions
(sieving, milling, blending, compaction, drying, etc.); however, for
the fully amorphous samples deconvolution of the effects of molecu-
lar dynamics in the amorphous state needs further investigation.
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