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With an increasing focus on sustainable technologies in the pharmaceutical industry, milling provides a solvent-
free approach to improve drug dissolution. Milling of drugs with an excipient offers additional opportunities to
achieve supersaturation kinetics. Therefore, this work aims to present insights of co-milling fenofibrate and
apremilast, two good glass formers with low and high glass transition temperatures (Tgs) respectively. Drugs
were co-milled with croscarmellose sodium for various process durations followed by thermal analysis, inves-
tigation of crystallinity, surface area and dissolution. The dissolution enhancement of the low-T, glass former
fenofibrate highly correlated with the process-induced increase in surface area of co-milled systems (R* = 0.96).
In contrast, the high-Tg glass former apremilast lost its crystalline order gradually after > 10 min of co-milling,
and favourable supersaturation kinetics during biorelevant dissolution testing were observed. Interestingly, the
melting point of co-milled apremilast decreased and linearly correlated with the highest measured drug con-
centration (cpay) during in vitro dissolution (onset temperature R? = 0.98; peak temperature R? = 0.96). The
melting point depression remained stable after 90 days for apremilast, whereas fenofibrate co-milled for 20 min
or more showed an increase in melting point upon storage. This study demonstrated that co-milling with cro-
scarmellose sodium is ideally suited to good glass formers with a high T,. The melting point depression is thereby
proposed as an easily accessible critical quality attribute to estimate likely dissolution performance of drugs in
dry co-milled formulations.

1. Introduction Co-milling with excipients has been demonstrated as an effective

strategy to further enhance drug dissolution (Asgreen et al., 2020a;

Milling is a well-established particle size reduction technology for
tackling dissolution rate-limited absorption (Brokesova et al., 2022).
While milling reduces particle size to a certain extent, it can also induce
disorder in the crystal lattices of processed substances (Oliveira et al.,
2018; Zimper et al., 2010b). Highly disordered, amorphous drug ma-
terial prepared by milling can be desirable, because it typically results in
a higher apparent solubility compared to ordered crystalline forms
(Descamps and Willart, 2016; Murdande et al., 2010; Stukelj et al.,
2019). However, the high-energy state of the crystal lattice disorder and
amorphous material can lead to stability issues (Priemel et al., 2016).
Hence, stabilizing lattice disorder remains a key challenge for the
pharmaceutical industry to fully exploit the potential biopharmaceutical
benefits of milling (Slamova et al., 2021).
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Slamova et al., 2021; Vogt et al., 2008a). The mechanisms by which
excipients contribute to the drug dissolution enhancment are diverse,
including the inhibition of particle agglomeration, an increase in
wettability, molecular interactions and the stabilization of such pro-
duced lattice disorder on drug particles due to the milling process
(Asgreen et al., 2020b; Balani et al., 2010; Chipakwe et al., 2020;
Lobmann et al., 2013; Patterson et al., 2007). Several studies have
shown a positive effect of co-milling on the oral bioavailability of poorly
water-soluble drugs (Jagadish et al., 2010; Kasten et al., 2018; Vogt
et al., 2008b). Despite those advances on a lab scale in pharmaceutical
research, co-milling is not yet widely used for manufacturing enabling
formulations due to the risk of residual drug crystallinity (Bhujbal et al.,
2021).
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Amorphous drug material can be obtained in different ways
(Blaabjerg et al., 2017). Milling can produce highly disordered amor-
phous material in the solid state by gradually disrupting the crystal
lattice until a lack of long-range order is achieved, which is amorph-
isation on the “kinetic pathway”. However, an alternative strategy to
obtain amorphous drug material is quench cooling a melt or by solvent
evaporation via the “thermodynamic pathway”. Previous studies
investigated drugs for their ability to form a glass using the thermody-
namic pathway by classifying them according to their ability to form and
remain stable as an amorphous solid after quench cooling (Alhalaweh
et al., 2014; Baird et al., 2010; Blaabjerg et al., 2016; Wyttenbach et al.,
2016). A subsequent elaboration of both the thermodynamic and the
kinetic pathway revealed a correlation between glass forming ability
classes (thermodynamic pathway) of drugs and their ease to amorphise
via milling (kinetic pathway) (Blaabjerg et al., 2017). However, the
addition of an excipient to a drug milling process may further impact the
extent of produced crystal lattice disorder on the kinetic pathway.
Therefore, studying the mechanisms of co-milling induced lattice
disruption could deliver useful insights to support the design of stable
co-milled formulations.

Fenofibrate, a poorly water-soluble drug, has been extensively
studied using various formulation strategies to improve its oral
bioavailability (Ejskjer et al., 2024; Griffin et al., 2014; Lentz et al.,
2021; Suys et al., 2018). The glass transition temperature (Tg) of feno-
fibrate is around —20 °C, which is far below the temperature of a
common milling process (Tipduangta et al., 2015). Previous research
hypothesised that a drug T, far below the process temperature nega-
tively impacts the extent of milling-induced crystal lattice disorder
(Descamps et al., 2007; Descamps and Willart, 2016). Another poorly
water-soluble drug is apremilast, which has also been tested in various
formulation approaches to improve its oral absorption. (Abushal et al.,
2022; Yang et al., 2021; Zhang et al., 2022). In contrast to fenofibrate,
the Ty of apremilast is considerably higher than common milling tem-
peratures (Tipduangta et al., 2015; Zhang et al., 2021). Co-milling these
drugs with excipients may further influence the formation of crystal
lattice disorder. The widely used tablet disintegrant croscarmellose so-
dium has also been shown to be effective as a co-milling co-former,
making it a potentially attractive option for oral solid dosage forms
(Kamil and Bayoumi, 2023).

Therefore, the objective of the current study was to explore the
impact of co-milling on the crystal lattice disruption of two stable glass
formers with Tgs located above and below the milling temperature. The
influence of co-milling on the solid state and impact on in vitro disso-
lution testing were investigated. Finally, an approach to evaluate the
degree of drug crystal lattice disorder in co-milled formulations is
presented.

2. Materials and methods
2.1. Materials

Apremilast and croscarmellose sodium were kindly provided by the
Zentiva Group k.s. (Prague, Czech Republic). Fenofibrate as well as the
dissolution medium reagents sodium chloride, sodium hydroxide and di-
sodium hydrogen phosphate were purchased from Sigma-Aldrich (Pra-
gue, Czechia). The Simulated Intestinal Fluids powder to prepare the
dissolution medium was sourced from Biorelevant.com Ltd. (London,
United Kingdom).

2.2. Sample preparation by ball milling and blending

Ball milling was performed in a vibrational ball mill (MM 200, Haan,
Retsch GmbH, Germany). To prepare co-milled mixtures, 250 mg (£ 0.1
mg) of fenofibrate or apremilast and 500 mg (4 0.2 mg) croscarmellose
sodium were placed in a 25 mL stainless steel milling jar with three
stainless steel balls (9 mm diameter). The co-milling times were 1, 2, 5,
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10, 20, 30 and 60 min, while fenofibrate was additionally co-milled for
total durations of 0.25, 0.5, and 1.5 min. Co-milled mixtures of both
drugs were stored in closed conditions protected from light at 20 °C and
a relative humidity of 40 %. To produce milled drugs, apremilast and
fenofibrate were prepared without excipient under the same ball milling
conditions and a milling time of 15 min. Physical mixtures were mixed
in a 250 mL glass container with an orbital mixer (Turbula type T2F,
Willy A Bachofen AG, Muttenz, Switzerland). The glass container was
filled with 250 mg (+ 0.1 mg) of drug and 500 mg (+ 0.2 mg) of cro-
scarmellose and mixed at 50 rpm for 10 min. The unmilled drug samples
were used as received.

2.3. Dissolution medium preparation

Fasted State Simulated Intestinal Fluid Version 1 (FaSSIF) was pre-
pared in line with standard operating procedures supplied by Bio-
relevant.com Ltd (London, UK). The pH was set to 6.50 (& 0.1) and the
medium was used within 24 h.

2.4. Biorelevant dissolution testing

Dissolution testing was performed in 250 mL FaSSIF using a USP2
apparatus with a stirring speed of 50 rpm. Fibre-optic UV probes with a
path length of 10 mm were employed to measure dissolved drug con-
centration. The UV probes were linked to the Rainbow Dynamic Disso-
lution Monitor (Pion Inc., Forest Row, UK) and the second derivative of
the UV absorbance of fenofibrate and apremilast used to establish cali-
bration curves with an R? of > 0.99. The calibration curves were
generated with concentrated stock solutions and consisted of ten
different measurement points. Calibrations ranged from 0.5 to 26.5
pgml! for fenofibrate and from 5 to 100 ug m1! in the case of apremilast.
The dose added to the dissolution experiments was approximately three
times the amount soluble in 250 mL of FaSSIF at 37 °C, ensuring com-
parable non-sink dissolution conditions for both drugs. To determine the
solubility, an excess of drug was added to FaSSIF at 37 °C and stirred
with 100 rpm. The concentration of the dissolution curve plateau was
used as solubility. These measured solubility values in FaSSIF, 12.2 pg
ml? for fenofibrate and 31.5 pg ml! for apremilast, were taken as
reference for dissolution experiments. To initiate dissolution, formula-
tions equivalent to 23.63 mg of apremilast and 9.15 mg of fenofibrate
were added to the vessel, corresponding to 71 mg (+ 0.1) apremilast and
27.5 mg (+ 0.1) fenofibrate co-milled 33.3 % (w/w) mixtures. The
dissolution experiments were carried out in quadruplicate.

2.5. Particle size distribution determination

Particle size distribution was measured of unmilled and milled drug
substances with laser diffraction analysis by using the Mastersizer 2000
(Malvern Instruments Co. Ltd., Solihull, UK). Fenofibrate or apremilast
was added to 50 mL water and 0.05 mL of Tween 80. After 10 min (+ 30
s) of mixing and stirring, the samples were immediately placed in the
Hydro S instrument. A measurement began when a stable obscuration
between 10 and 20 % was achieved. The refractive index was set to 1.33
for the dispersion medium (water), 1.612 for apremilast, and 1.55 for
fenofibrate. One measurement took 30 s with a stirring speed of 2100
rpm, which was repeated as triplicates to determine mean values.

2.6. Specific surface area measurements

The specific surface area of binary mixtures was determined from the
adsorption isotherm using the Brunauer-Emmett-Teller method. The
measurements were performed with the NOVA 2000e Surface and Pore
Size Analyzer (Anton Paar QuantaTec Inc., Boynton Beach, USA).
Samples were degassed for 2 h at 40 °C in a vacuum. Specific surface
area measurements were made by nitrogen adsorption at 77 K in the
relative pressure range p/p0 = 0.05-0.30.
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2.7. X-ray powder diffraction (XRPD)

Powder X-ray diffractograms were recorded using a Bruker-AXS D8
Advance powder diffractometer (Bruker, Karlsruhe, Germany). At
ambient temperature, a CuKa radiation (A = 1.5418 }o\) operated at 40 kV
and 40 mA . The applied scan rate was 0.02° s™! at a theta-theta geometry
from 4 to 40°. Finally, the generated diffractograms were modified by
standard smoothing procedures and background subtraction.

2.8. Differential scanning calorimetry (DSC)

Differential scanning calorimetry was based on a Discovery DSC
(Waters TA instruments, New Castle, USA). Samples were weighed in
triplicates between 3 and 8 mg in a standard aluminium pan with an
accuracy of 0.001 mg. Under nitrogen atmosphere (50 ml-min™), pre-
pared samples were transferred into the instrument and scanned. The
instrument was heated from 0 °C to 200 °C with a heating rate of 5 °C
min’l. Additionally, the glass forming ability classes of pure drug com-
pounds were evaluated by quench cooling the melt with a cooling rate of
20 °C min! according to Baird et al., 2010. The recrystallization
behaviour was assessed by a heating rate of 10 °C min!. The Tgs of
apremilast and fenofibrate were extracted by using the midpoint of the
thermal event from the quench cooled melt.

3. Results

3.1. Impact of milling and co-milling on the drug crystallinity assessed by
X-ray powder diffraction

The influence of the milling and co-milling process on the crystal-
linity of fenofibrate and apremilast was evaluated using X-ray powder
diffraction. The general diffraction patterns of both drugs milled for 15
min in the absence of an excipient remained mainly unchanged (Fig. 1).
Most of the Bragg peaks after milling fenofibrate reveal a lower in-
tensity, which could be a sign of a lower crystal order of the milled drug.
However, also higher Bragg peak intensities after milling of fenofibrate
were observed e.g. the two peaks between 16 and 17 ° and the peaks at
19 as well as 26 °. These higher peak intensities after milling fenofibrate
indicate changes of the crystalline arrangement. This effect was not
observed for the high T; drug apremilast, which showed a general lower
Bragg peak intensity after neat drug milling.

Further, the diffractogram of milled fenofibrate showed peak
broadening compared to unmilled drug. The peak broadening effect of
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Fig. 1. X-ray powder diffractograms of fenofibrate (left, red)and apremilast
(right, blue) as unmilled drug powder and both drugs after 15 min ball mill-
ing (black).
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fenofibrate was more pronounced compared to the diffractograms of
apremilast. Since unmilled fenofibrate particles were larger than apre-
milast (table S1), the higher peak broadening of milled fenofibrate may
be a sign of the more greater reduction in particle size.

Co-milling fenofibrate mixtures had the same basic diffraction
pattern, even after 60 min of (Fig. 2). None of the clearly visible peaks of
the physically mixed mixture disappeared in diffractograms of co-milled
mixtures, indicating a high degree of drug crystallinity. However, a peak
broadening is also visible for co-milled fenofibrate compared to the
physically blended mixture. In contrast, lower intensities of drug
diffraction peaks were observed in apremilast mixtures with increased
co-milling times. A reduced diffraction intensity was observed from 10
min of co-milling onwards, indicating a higher degree of drug crystal
lattice disorder in co-milled mixtures. After 30 and 60 min of co-milling,
almost all sharp Bragg peaks were missing in co-milled mixtures of the
high-T, glass former apremilast.

3.2. Glass forming ability class determination of fenofibrate and
apremilast

The glass forming ability classification determinations of fenofibrate
and apremilast are depicted in Fig. 3. During cooling of the melt, no
exothermic peaks indicating recrystallization were observed for both
drugs. In addition, the absence of a second crystallisation peak during
reheating indicates that both compounds did not recrystallize during the
entire experiment and therefore belong to glass forming ability class III.
Fenofibrate had a measured Ty of —20 °C (midpoint of the thermal
event) at a cooling rate of 20 °C min"! whereas the determined Tg of
apremilast was 76.5 °C.

3.3. Invitro dissolution profiles of apremilast and fenofibrate in different
formulations

Dissolution of fenofibrate as unmilled and milled drug (without
excipient) displayed no significant differences in drug release after 15
and 60 min Fig. 4), as determined by a two-sided t-test (p > 0.05),
despite of a particle size reduction on the D10, D50 and D90 levels (table
S1). The addition of croscarmellose sodium to the unmilled powder,
which was physically blended for 10 min, also had no significant effect
on the measured drug concentration after 15- and 60- min dissolution (p
> 0.05). However, co-milling for 0.25 min already revealed a significant
dissolution enhancement compared to the physical mixture, unmilled
and milled drug, considering these two dissolution timepoints (p <
0.05). Prolonging the co-milling process resulted in a further significant
increase in dissolution, observed up to 10 min of co-milling (p < 0.05).
Co-milling for 10 min or longer resulted in no further significant
dissolution enhancement among co-milled mixtures (p > 0.05).

The dissolved drug concentration of milled apremilast was signifi-
cantly lower than of the unmilled drug at the 15- and 60-min dissolution
timepoints (p < 0.05). Faster drug release was observed for the physical
mixture as well as for 1- and 2- min co-milled mixtures, which showed
significantly higher drug concentrations at the 15- and 60- min time-
points compared to unmilled apremilast (p < 0.05). Highest dissolution
enhancement was measured for mixtures co-milled for 5 min and longer.
After 10 min of co-milling, the dissolution profile exhibited drug su-
persaturation (Cpax = 42.05 + 0.31 pg-ml™!). The maximum apparently
supersaturated drug concentration grew further with the applied co-
milling time up to 80.07 + 1.95 pg-ml™ for the 60 min co-milled sam-
ples, and did not fall below the equilibrium solubility (black dotted line)
throughout the duration of the dissolution experiment.

3.4. Relationship between surface area of co-milled mixtures and drug
dissolution

Drug dissolution of the low-Tj glass former fenofibrate , represented
by the area under the dissolution curve (AUC) in the first 60 min, was in
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Fig. 2. X-ray powder diffractograms of fenofibrate (left, red) and apremilast (right, blue) in physically blended mixtures and co-milled mixtures (COM) at different

milling times.

N

= _ 0o T =76.5°C
Sepra e NN
fenofibrate \ ,ﬁ
\ |
Eo .f‘
E’ — e
2 /
K]
=
©
(]
T
T,=76.5°C
|
N G

N

T,,=152°C

l

apremilast

Temperature [°C]

Fig. 3. Glass forming ability class determinations of apremilast and fenofibrate. The glass transition temperature (Tg) was extracted by using the midpoint of the
thermal event from the quenched cooled melt and the onset of the melting peak was used to determine the melting point (Ty,).

good agreement with the specific surface areas of the co-milled mixtures
(Fig. 5, R? = 0.96). In contrast, the AUCo 60 min Of the high-Ty glass
former apremilast did not correlate well with the surface area of the co-
milled mixtures (Fig. 5, R = 0.07). The relationship between co-milling
time and the specific surface area is attached to the supplementary
materials in figure S1.

3.5. Melting point depression of co-milled drugs and its correlation with
the in vitro dissolution cmqy of the high-T, glass former apremilast

The melting point of both co-milled drugs, extracted from the onset
of the melting peak from DSC thermograms, decreased to different ex-
tents (Fig. 6). While the drug melting point of the low-Ty glass former
fenofibrate depressed with the processing time by around 1.5 °C after 60
min co-milling, it decreased by >10 °C for the high-T, glass former
apremilast.
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Fig. 4. Dissolution profiles of fenofibrate and apremilast as unmilled drugs, milled drugs, physically blended and co-milled mixtures (COM) at different milling times
with croscarmellose sodium in a drug to excipient ratio of 1:2 (w/w). The black dotted line expresses the equilibrium solubility of the respective drugs in the used

medium FaSSIF V1 at 37 °C.
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The dissolution profiles of Fig. 4 showed that co-milled fenofibrate
dissolved according to first order kinetics whereas > 10 min co-milled
apremilast release profiles rather followed “spring and parachute”
characteristics i.e. the drug substance supersaturated in the dissolution

medium. Subsequently, the highest measured apremilast concentration
during in vitro dissolution (cmax), @ parameter reflecting drug supersat-
uration, was chosen to relate with parameters of co-milled mixtures of
apremilast. Notably, the melting point depression of co-milled
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apremilast correlated with the co-milling induced increase of the in vitro
dissolution ¢y« (Fig. 7). A linear relationship was observed for the onset
(R? = 0.98) as well as for the tip of the melting peak (R? = 0.96).

3.6. Stability study of co-milled drugs based on the melting point
depression approach

To evaluate the change in crystallinity of the drugs, stored samples
were measured directly after preparation and 90 days of storage using
DSC. The change in onset temperature of the melting peak of a DSC
measurement was used for the evaluation (Fig. 8). No notable changes in
the melting onset of co-milled fenofibrate which had been co-milled for
10 min or less were observed during storage. However, the onset of the
melting peak in samples co-milled for 20 min or longer was notably
higher after storage. Despite the higher co-milling induced melting point
depression of apremilast, the melting point did not change noticeably for
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Fig. 7. The melting point depression of the high-T, glass former apremilast as a
function of the highest measured apremilast concentration (cpax) during the in
vitro dissolution process. Apremilast was co-milled with croscarmellose sodium
at different milling times from one to 60 min.
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all co-milled mixtures of this high-T, glass former during storage.
4. Discussion

The aim of this study was to gain insights into co-milling of two drugs
belonging to glass forming ability class III by exploring extremes in drug
Tgs, which are located far below and above the milling temperature. Co-
milling of the high-T; drug apremilast led to drug supersaturation in the
dissolution medium for milling times of 10 min and longer (Fig. 4), as
highest measured dissolved apremilast concentration exceeded the
equilibrium (crystalline) solubility of the compound in FaSSIF. In
contrast, milling without an excipient did not achieve drug supersatu-
ration and resulted in the slowest dissolution rate among all prepara-
tions (Fig. 4), which may be explained by particle aggregation
(Table S1). Similar cases have also been observed in studies where
compounds were milled without excipient (Patzmann et al., 2024;
Zimper et al., 2010a). The melting point of apremilast decreased with
increased co-milling time, dropping by more than 10 °C after 60 min of
co-milling (Fig. 6). Interestingly, the melting point depression highly
correlated with the dissolution cpax of apremilast during in vitro disso-
lution (R% = 0.98, melting peak onset temperature; R? = 0.96, melting
peak temperature, Fig. 7). On storage, the pronounced melting point
depression of this high-T; glass former remained stable (Fig. 8). A
possible explanation for the melting point depression may be the
increased chemical potential of the disordered drug material, which is
higher compared to the non-milled crystals, while the chemical potential
of the liquid state remains the same (Ahmed et al., 2020). As a result, the
energy required to melt the ball milled crystal, with a higher degree of
disorder is lower and the drug material melts earlier (Alsayed et al.,
2005; Chikhalia et al., 2006; Lipson and Polturak, 2024). The reduced
diffraction peak intensity X-ray diffractograms of co-milled apremilast
suggest the introduction of pronounced crystal lattice defects due to a
processing time of > 10 min (Fig. 2). Since disordered drug material
appear to melt earlier, the melting point depression may be a critical
quality attribute of a co-milled product to monitor the degree of crystal
lattice disorder and drug supersaturation. It could therefore have ap-
plications as an easily accessible parameter in industrial settings in
compliance with ICH Q8.

The melting point depression of the low-T, glass former fenofibrate
reduced by <2 °C after 60 min co-milling. This reduction is considerably
less than for apremilast whose Ty is above milling temperature (Fig. 6).
However, despite the lower melting point depression of co-milled
fenofibrate, it did not remain stable as the melting point of samples
co-milled for 20 min or more increased during storage (Fig. 8). It could
be a sign of effects on the particle surfaces and may indicate reparation
processes of structural disorder generated during co-milling. The
dissolution rate enhancement of the low-Ty glass former fenofibrate
highly correlated with the specific surface area of co-milled mixtures (R>
= 0.96, Fig. 5). Sharp Bragg peaks in all diffractograms of fenofibrate
containing mixtures reveal that this low-Tg glass former remained in a
highly ordered crystalline state, despite 60 min of high energy dry ball
milling in a stainless-steel ball mill (Fig. 2). This strengthens the hy-
pothesis that the driving force for the dissolution enhancement of this
low-T; glass former was mainly the increase in surface area and not due
to the co-milling induced drug crystal lattice disorder. Other studies
showed that it was not possible to amorphise low-T; drugs via milling
(Blaabjerg et al., 2017; Descamps et al., 2007). The addition of cro-
scarmellose sodium to the milling process appeared to not overcome this
phenomenon for fenofibrate by stabilizing the crystal lattice disorder.

The dissolution enhancement of co-milled fenofibrate appears spe-
cific to the co-milling process. When fenofibrate was milled alone for 15
min, dissolution did not improve compared to the physically blended or
unmilled drug, despite a reduction in particle size and an expected in-
crease in surface area (Table S1). However, adding croscarmellose so-
dium during co-milling significantly improved dissolution, with effects
observed after just 15 s of co-milling (Fig. 4). The superdisintegrant may
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have enhanced the wettability of lipophilic fenofibrate (Bennett-Lenane
et al.,, 2021). As a result, the wettability issues of this lipophilic com-
pound appeared to be overcome by the addition of the excipient to the
milling process. Another study confirmed that co-milling with a polymer
can increase the wettability of a drug (Varghese and Ghoroi, 2017).

A limitation of this work is that it screened only one high-T; glass
former. More studies with high-Tg glass formers and different excipients
are required to strengthen the hypothesis that dry co-milling is a suitable
technique for the development of stable supersaturable formulations.
The correlation between drug melting point depression with dissolution
parameters also needs further investigation using other drug-excipient
combinations. This correlation is only applicable for co-milled formu-
lations which contain residual crystallinity, because fully amorphous
systems do not have a melting point.

Future studies could investigate interactions between drug sub-
stances and excipients due to co-milling. Since the milled material re-
mains in the solid state throughout the process, interactions at the
molecular level might be less pronounced compared to formulations
produced by spray drying or hot melt extrusion. Nonetheless, even weak
interactions such as van der Waals forces or hydrogen bonds created by
co-milling may have a significant impact on dissolution, especially when
using a swellable excipient like croscarmellose sodium. These in-
teractions could lead to favourable particle arrangements of co-milled
material, particularly benefiting highly lipophilic and brittle drugs.
Future research could investigate drug-excipient interactions generated
by co-milling, as well as the influence of drug deformation behaviour on
the degree of co-milling-induced lattice disorder.

Overall, this work demonstrated that co-milling of high-Ty glass
formers such as apremilast appears to be a promising approach to pro-
duce stable formulations with supersaturation kinetics. The drug
melting point depression correlated with the dissolution enhancement of
this high-T, glass former and may be a critical quality attribute for the
design of partially crystalline formulations prepared by co-milling.
Further, this study delivered additional data where a low-Tg drug lost
to a much lower extent crystallinity due to the milling process compared
to the high-T, candidate, even though both compounds belong to glass
forming ability class III. The addition of croscarmellose sodium to the
milling process seemed not to have a positive effect on the stabilization
of crystal lattice disorder of this lipophilic low-T; compound but the
dissolution was significantly improved.

5. Conclusion

This study showed that applying the same co-milling conditions on
two stable glass formers with Tgs below and above milling temperature
can lead to significantly different degrees of produced crystal lattice
disorder. The low-Tg glass former fenofibrate remained mainly in an
ordered crystalline state after one hour of co-milling and the dissolution
rate enhancement correlated with the surface increase of the co-milled

system. A higher degree of structural disorder was measured for the
high-Ty glass former apremilast and supersaturation kinetics during in
vitro dissolution were observed. The milling induced entropy increase in
crystal lattices led to a melting point depression, which highly correlated
with the in vitro dissolution enhancement of co-milled apremilast. Thus,
a co-milling related melting point depression may be a useful critical
quality attribute for the production of co-milled formulations to assess
the degree of process induced structural disorder and to anticipate drug
supersaturation.
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