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Abstract

The persistence of amorphous atorvastatin calcium has been studied as a function of the
amorphization method, polymer content, and relative humidity during storage. For
amorphization, ball milling, freeze drying, and spray drying have been used.
Polyvinylpyrrolidone K40 (PVP) was mixed with atorvastatin in a wide range of concentrations
and the resulting amorphous dispersions were subjected to storage conditions with different
levels of relative humidity. The analysis of the glass transition temperature of the various
samples demonstrates that interactions between atorvastatin calcium and PVP are unfavorable,
leading to a destabilization of amorphous atorvastatin, which becomes therefore more prone to
recrystallization. However, mixtures made with spray drying in methanol show an increased
glass transition temperature and an increased stability against recrystallisation. PVP may act as
a humidity reservoir providing water molecules to amorphous atorvastatin calcium and thus
promoting crystallization of the hydrate form. For atorvastatin calcium, the most persistent
amorphous sample appears to be that without PVP. It possesses a glass transition temperature
as high as 143 °C and it remains amorphous for at least a year independent of the humidity level
it is subjected to.

Keywords: Lipitor, atorvastatin calcium, amorphous molecular dispersions, glass transition,
hydrate, recrystallisation kinetics



I Introduction

The stability of drug formulations is an important requirement before market authorization, and
it is therefore essential that the stability behavior is thoroughly studied during development
(Variankaval, Cote, et Doherty 2008). Nowadays, many active pharmaceutical ingredients are
developed using computational methods in which mainly the interactions between the active
ingredient and its target are considered. As a result, the best performing active ingredient
candidates are generally not very soluble, because this is not a primary selection criterion. To
enhance solubilization (or in other words increase the ‘apparent solubility’), one approach is to
use amorphous drug; however, this increases thermodynamic instability in the formulation
leading to a risk of crystallization, which, in turn, may result in practically insoluble drugs.
Amorphous drug formulations can be stabilized by dispersing the active pharmaceutical
ingredient (API) at the molecular level in an amorphous polymer matrix to limit the mobility
of the drug molecules. Kinetic stability of such formulations is ensured through high glass
temperatures of the polymer and through interactions between the polymer and the APIs. Even
for APIs with high glass transition temperatures, the risk of crystallization from the glassy state
at temperatures below the glass transition temperature may be present (Newman et Zografi
2020) for example due to the so-called plastifying effect of water (Rumondor et al. 2009).

Atorvastatin is a synthetic pharmaceutical active ingredient with cholesterol-lowering
properties. It belongs to a group of drugs called statins and its trade name is Lipitor (Parke
Davis, 2009; Desager et Horsmans 1996). Atorvastatin is used to treat high cholesterol levels.
It may also be used for the primary prevention of cardiovascular disease (Colhoun et al., 2004;
Pasceri et al., 2004). It reversibly inhibits 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase, which plays a key role in the production of cholesterol in the body (Desager et
Horsmans 1996).

The crystalline form of atorvastatin calcium (ATC) is hydrated and at room temperature under
a relative humidity of about 50%, it contains three water molecules (Briggs et al., 1997). On
increasing the temperature, the water molecules gradually leave the crystal causing a collapse
of the structure that is completed at circa 140 °C (Tizaoui et al. 2020; Christensen et al. 2013).
ATC is a class II drug according to the Biopharmaceutical Classification System (BCS)
(Lobenberg et Amidon 2000; Lau et al. 2006), and its solubility and rate of dissolution from the
crystalline state is low (Choudhary et al. 2012; Kasim et al., 2004), limiting oral absorption of
ATC.

In order to improve the apparent solubility and dissolution rate of atorvastatin, several processes
have been proposed in the literature to obtain amorphous states including spray-drying (Kim et
al. 2008), supercritical anti-solvent precipitation (Won et al. 2005; Zhang et al. 2009),
complexation with cyclodextrins (Taksande Jayshree B et al. 2017; Zhen-Hai Zhang, Jian-Ping
Zhou, Hui-Xia Ly, et al. 2012), nanosuspensions (Arunkumar et al., 2009) and molecular
dispersions in amorphous polymers (Sinha et al. 2010; Bobe et al. 2011; Choudhary et al. 2012;
Lemsi et al. 2017). Different polymeric substrates, such as cellulosic polymers (M.- S. Kim et
al. 2013), polyvinylpyrrolidone - PVP (Bobe et al. 2011; Hu et al. 2014), Poloxamer (Dong et
al. 2018; Bhumika Sharma et al. 2012), polyethylene glycol (Bobe et al. 2011; Hu et al. 2014;
Maurya, Belgamwar, et Tekade 2010), Eudragit (Kumar et al. 2017; Bobe et al. 2011), and
Soluplus (Ha et al. 2014), have been used to prepare solid formulations with increased



dissolution rate using different manufacturing processes. Solid dispersions are attractive for
improving the dissolution behavior of poorly water-soluble drugs, because the presence of other
components, mainly polymers, generally guarantees relatively high activation energies for
recrystallisation. Solid dispersions have improved the solubility and the oral bioavailability of
poorly water-soluble drugs such as ibuprofen (Newa et al. 2007), carbamazepine (Zerrouk et
al. 2001), naproxen (Adibkia et al. 2013), and ritonavir (Law et al. 2004).

The majority of the publications on solid dispersions demonstrate improved dissolution
compared to untreated ATC crystals. Choudhary et al. reported a nearly 33-fold increase in
‘apparent solubility’ compared to crystalline ATC (Choudhary et al. 2012). Kim et al. showed
with amorphous atorvastatin obtained through spray drying that the dissolution rate increased
3.5 times compared to the crystalline form (Kim et al. 2008). Hai-Xia showed that about 89%
of the amorphous atorvastatin obtained through antisolvent precipitation was dissolved after 60
minutes, compared to 74% of untreated crystalline atorvastatin (Zhang et al. 2009). Shamsuddin
et al. showed a dissolution rate improvement of an ATC formulation with PEG 4000 of about
2 times higher than ATC alone or the corresponding physical mixture (Shamsuddin et al.
2016)). Hu et al. showed that nearly 95% of the ATC in the ATC-PVP K30 solid dispersion
dissolved within 5 minutes (Hu et al. 2014). Although increased dissolution alone does not
guarantee improved absorption, Sinha et al. has shown that ATC solid dispersions containing
polyvinylpyrrolidone (PVP) exhibit a significant increase in absorption of ATC after oral
administration (Sinha et al., 2010).

Previous research on ATC mainly describes the amorphous form and its mode of obtention with
a focus on formulation, pharmacology, and pharmacokinetics without addressing more
generally the stability behavior of this solid amorphous formulation. In the present paper, the
kinetic stability of amorphous atorvastatin calcium samples obtained by grinding, freeze drying,
or spray-drying has been studied. A comparison of the physicochemical properties of the pure
amorphous drug and of mixtures with PVP has been carried out. All samples have been
characterized directly after preparation and have then been followed for one year under relative
humidity conditions of 0, 57.6 %, 84%, or 98% RH. The effects of PVP, of the preparation
method, and of the relative humidity on the stability of amorphous ATC have been evaluated
using differential scanning calorimetry (DSC), powder X-ray diffractometry (PXRD), and
second harmonic generation spectroscopy (SHG).

2 Materials and methods

2.1 Materials

Crystalline atorvastatin calcium (ATC) trihydrate with a molar weight of 1209.39 g mol~! and
polyvinylpyrrolidone K-40 (PVP K40) with an average molar weight of 40000 g mol!' were
provided by the National Drug Control Laboratory (LNCM) of Tunisia. The purity of both
compounds was >99% and suitable for pharmaceutical applications. Methanol of analytical
grade was purchased from Sigma Aldrich and used as such. Ultrapure Millipore water used in
the study was generated in the laboratory. Supersaturated aqueous suspensions of KoSOs, KCl,
and NaBr and pure, dry P>Os were used in desiccators to control the relative humidity at levels
of 98, 84, 57.6, and 0 % RH, respectively.



2.2 Preparation of the amorphous solid dispersions
Pure samples of atorvastatin and solid dispersions with different weight fractions of PVP K40
(0.05, 0.10, 0.25, 0.50, 0.60, and 0.75) were prepared by three different amorphization
techniques: ball milling, spray drying and freeze drying.

2.2.1 Ball milling

Samples were milled for a total of 4 hours in shock mode and a rotation couple of 700/-700 rpm
using a Fritsch Pulverisette P7 Premium Line Planetary Ball Mill using zirconium oxide
containers and zirconium oxide balls with a diameter of 10 mm. In order to limit the heating of
the sample during the grinding process, grinding periods of 20 min were interchanged with a 5
min pause until the sample had been effectively milled for 4 h. The total time interval had been
determined through preliminary milling experiments and X-ray diffraction indicating that
complete amorphization had been reached after 4h of effective milling (i.e., no diffraction peaks
could be observed anymore in the X-ray diffraction patterns). A fixed amount of 1 g of total
sample was used in each milling experiment. After milling, the samples were stored in an
airtight silica gel container for later study.

2.2.2 Spray drying

For each of the ATC-PVP K40 mixtures with the aforementioned weight fractions, one gram
was dissolved in 100 mL of methanol at room temperature and clear solutions were obtained.
Spray drying of these solutions was carried out using a Biichi Mini Spray Dryer B-290 with a
0.7 mm nozzle under the following conditions: an inlet temperature of 120 °C, an outlet
temperature of 64 °C, a feed rate of 1 mLhin™' and a nitrogen flow at 40 mL[hin™!. The
obtained particles were stored in a desiccator until further use.

2.2.3 Freeze drying

Mixtures with the same weight fractions based on atorvastatin and polymer (PVP K40) were
dissolved in a 10-90 v/v% water-methanol mixture at room temperature with a concentration
of 1g per 100 ml. The rotary evaporator was used to remove the methanol at 35°C after complete
dissolution, because the freeze dryer was not adapted to be used with organic solvents. The
obtained liquid was then frozen using liquid nitrogen. Finally, it was transferred to a Christ
Alpha 2-4 Freeze Dryer for freeze drying. The liquid after removal of the methanol was white,
indicating that ATC did not remain in solution, however, no precipitate was observed in the
flasks, so that the solid must have consisted of small particles in the order of micrometers
dispersed in the polymer water phase. Although this will have an effect on the final freeze-dried
phase, the preparation method will be referred to in the text as freeze-drying.

2.3 Characterization methods

2.3.1 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was carried out with the DSC 214 Polyma Netzsch
using aluminum pans with about 4 mg of samples, under a dynamic nitrogen atmosphere. For
all experiments, the covers of the aluminum pans were pierced to allow residual water to
evaporate during heating while purging with dry nitrogen gas. The DSC instrument is equipped
with a 20-position sample changer and an intracooler that allows measurements down to -70
°C. Temperature scans were carried out from 20 to 200 °C with a heating rate of 5 K min™'.

2.3.2 X-ray powder diffraction
X-ray diffraction (XRD) experiments were carried out at room temperature using a D8 Discover
diffractometer (Bruker Analytic X-ray Systems, Germany) with the Bragg-Brentano geometry.



The instrument is equipped with a copper anticathode [40 kV, 40 mA, Ka radiation (A = 1.5406
A)land a lynxeye linear detector. The samples were placed under a thin glass cover slip. X-ray
diffraction analyses were performed with a step size of 0.04° 26, with 0.5 s/step from 3 to 30°
26. The ¢ rotation of the sample specimen holder minimizes the effects of texture and
preferential orientation.

2.3.3 Second harmonic generation

Because atorvastatin is a chiral molecule, and the crystal of its calcium salt hydrate possesses
an SHG signal, the SHG technique could be used to rapidly detect the onset of its crystallization
(Galland et al. 2009). An Nd:YAG Q-switched laser (Quantel) operating at 1.064 pm was used
to deliver 360 mJ pulses of 5 ns duration with a repetition rate of 10 Hz. An energy adjustment
device made up of two polarizers (P) and a halfwave plate (A/2 = 532 nm) allowed the incident
energy to be varied from O to ca. 200 mJ per pulse. An RG1000 filter was used after the energy
adjustment device to remove light from the laser flash lamps. Following Kurtz and Perry’s SHG
powder method (S. K. Kurtz et T. T. Perry 1968), the signal intensities were compared to that
of the reference compound quartz (45 pum average size).

2.3.4 Physical stability studies

The amorphous ATC-based dispersions were stored in moisture-controlled desiccators for one
year to study their physical stability and their ability to absorb water. The following relative
humidities (RH) were used at 20°C: 0 %, 57.6 %, 84%, and 98%. 100 mg of each sample was
subjected to the humidity in the desiccators in 20 ml scintillation vials.

3 Results

3.1 Physical characterization of amorphous atorvastatin calcium

3.1.1 Grinding time necessary to obtain amorphous atorvastatin calcium

In Fig. 1, the X-ray diffraction patterns of ATC as a function of different milling (700 rpm)
intervals are shown. The diffraction pattern of the unground drug exhibits the characteristic
diffraction peaks of the crystalline trihydrate of ATC. Up to about two hours of milling, ATC
retains some crystallinity even if the diffraction intensity decreases (Fig. 1). After four hours of
grinding, no visible trace of crystallinity is left in the diffraction pattern (Fig. 1) and only the
amorphous halo can be observed, which is characteristic of materials without long-range order.
The absence of any observable crystallinity is confirmed by DSC (see Fig. 2) and by SHG
(Table S1 in the supplementary materials). Thus, throughout this article, samples amorphized
by milling have been ground for at least 4 hours at 700 rpm. For reference, in Fig. S1 in the
supplementary materials, the powder X-ray diffraction (PXRD) and DSC data for crystalline
and amorphous atorvastatin calcium (ATC) are provided.
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Fig. 1. X-ray diffraction patterns of ATC subjected to milling at 700 rpm in a planetary mill
for different time intervals: no milling (black), 1 hour (red), 2 hours (blue) and 4 hours
(green).

3.1.2 Comparison between the ATC amorphous states obtained by different methods

Figure 2a presents the PXRD patterns of crystalline atorvastatin recorded at room temperature
after different treatments (from bottom to top): melting, milling, spray and freeze drying. None
of the diffraction patterns contain clear Bragg peaks, indicating that all processes produced
amorphous atorvastatin within the detection limitations of X-ray diffraction (Fig 2a). These
findings were confirmed by DSC (Fig. 2b) and SHG (Table S1 in the supplementary materials).
In the case of the freeze-dried sample, it does indicate that an amorphous phase is obtained even
though a dispersion was freeze-dried instead of a clear solution. Overall, the diffraction patterns
are similar, showing two broad features in the scattering halo. Nonetheless, at around 3° 26, a
small peak can be observed in the patterns of the samples obtained by fusion (black), spray
drying (green), and freeze drying (blue). This is the signature of a liquid crystal-like laminar
structure, linked to the mesophase of dehydrated atorvastatin calcium previously mentioned in
the literature; thus, in these three samples some long-range order remains present (Christensen
et al. 2013). Any other structural differences between the amorphous states are too small to be
detected by classical X-ray diffraction.
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Fig. 2. (a) Powder X-ray diffraction patterns and (b) differential scanning calorimetry curves
of amorphous atorvastatin calcium obtained by fusion (black), milling (red), spray drying
(green), and freeze drying (blue). The DSC curves have been recorded after an initial heating
run up to 120°C to remove residual water. The increase of the baseline after the glass
transition is probably due to decomposition. For pure crystalline atorvastatin calcium
decomposition tends to start above 170° C (Tizaoui et al. 2020).

The DSC thermograms (Fig. 2b) each exhibit a characteristic heat capacity drop indicative of a
single glass transition, demonstrating that the samples are in a vitreous state at room
temperature. No exothermic peaks are observed indicating that no crystallization occurred in
the heating runs at a heating rate of 5 Klhin™!. The glass transition temperatures of the four
amorphous ATC samples possibly depend slightly on the amorphization method, as the
following values (midpoint) were found: fusion 143 +1 °C, milling 142 +1 °C, spray drying
143 +1 °C, and freeze drying 143 =1 °C.

3.2 Solid dispersions of atorvastatin calcium and PVP

3.2.1 Comparison between the different amorphization methods

Milling, spray drying, or freeze drying has been applied to three sets of mixtures containing
ATC and PVP with mass percentages of 0%, 5%, 10%, 25%, 50%, 60%, 75%, and 100% PVP.
Melting was not used for amorphization due to concerns about the decomposition of ATC at
high temperatures (Shete et al. 2010). Diffraction patterns and thermograms for the different
mixtures have been compiled in the Figs. 3 to 5. The midpoint temperatures of the observed
glass transitions can be found in Table 1.
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Fig. 3. (a) PXRD patterns and (b) DSC thermograms (5 K-min™') of amorphous
atorvastatin calcium and PVP K40 dispersions prepared by four hours of milling with
the following concentrations in PVP mass % from bottom to top: 0 (green), 5 (yellow),

10 (grey), 25 (black), 50 (pink), 60 (violet), 75 (blue) and 100 (red).
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Fig. 4. (a) PXRD patterns and (b) DSC thermograms (5 K-min™') of amorphous atorvastatin
calcium and PVP K40 dispersions prepared by spray drying with the following concentrations
in PVP mass % from bottom to top: 0 (green), 5 (yellow), 10 (grey), 25 (black), 50 (pink), 60

(violet), 75 (blue) and 100 (red).
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Fig. 5. (a) PXRD patterns and (b) DSC thermograms (5 K-min™') of the amorphous
atorvastatin calcium and PVP K40 dispersions prepared by freeze drying with the following
concentrations in PVP mass % from bottom to top: O (green), 5 (yellow), 10 (grey), 25
(black), 50 (pink), 60 (violet), 75 (blue) and 100 (red).

All three methods, milling, spray drying, and freeze drying, produced mainly amorphous
material (Figs. 3 to 5). In the case of freeze drying, however, some extra features can be
observed in the PXRD patterns, which are most pronounced for the 5 wt% PVP at around 18°
26, which is characteristic of the mesophase of ATC (Tizaoui et al. 2020; Christensen et al.
2013). A similar observation can be made in the DSC curves of 5, 10 and 25 wt%, which have
an additional endothermic peak located at the melting point of the mesophase (Tizaoui et al.
2020; Christensen et al. 2013). The appearance of the mesophase of ATC may be due to the
formation of liquid dispersions during the preparation of the freeze-drying experiments instead
of clear solutions. Surprisingly, ATC with 0% PVP appears to be fully amorphous according to



the thermogram and no additional features are observed in the diffraction pattern, except for a
shallow peak at 3° 2 findicative of some lamellar structuration in the amorphous phase. It seems
therefore that the presence of PVP causes a certain level of structuration in the ATC during
freeze drying preparation resulting in the formation of a mesophase-like structure. Moreover,
in the spray-dried samples, the lamellar structure that was observed for pure amorphous ATC
remains present up to 10% and possibly 25% of PVP as the small diffraction peak at 3° 28
indicates.

Analysis by second harmonic generation microscopy (See Table S1) shows that none of the
dispersions prepared by the three methods exhibit an SHG signal, whereas the signal of
crystalline atorvastatin trihydrate has an intensity of 652 counts. The SHG method is very
sensitive to non-centrosymmetric (NC) materials reaching in favorable cases a detection
threshold at ppm level for NC crystals in an amorphous matrix (Clevers et al. 2013). It confirms
that any structuration seen in the X-ray diffraction patterns must be the result of a mesophase
and not of small ATC crystallites dispersed in the amorphous solid, because they would have
generated an SHG signal.

3.2.2 Glass transitions

The glass transition temperatures from the milled and the freeze dried samples are extremely
similar, whereas those of the spray dried samples deviate considerably (Table 1). Although it is
known that the glass transition temperature varies depending on the measurement method and

on the heating rate, the present measurements are all carried out with a heating rate of 5 K-min
1

The dispersions obtained with spray drying exhibit the highest glass transition temperatures (7%)
(see Table 1); there is a slow upward drift in these temperatures over the entire concentration
range after an initial dip at 5 % PVP that still coincides with the other two amorphisation
methods. The implications are not clear. An increase in the 7, implies a stabilization of the
glassy phase and the single drop in the baseline of the DSC curve implies a complete mixture,
or at least that any other phase present is too small in size to leave a significant thermal
signature. It can be seen however, that pure PVP is affected too by spray drying, so the observed
effect may be related to the interactions between PVP and methanol under spray drying
conditions.

For milled and freeze-dried samples a decrease in the 7 can be observed as a function of the
polymer concentration. The single drop in each DSC curve indicates the formation of a
molecular dispersion of the two components, i.e. a single mixed phase. However, for milling at
75% PVP and for freeze drying at 60 and 75 % PVP, the single T, disappears and is possibly
replaced by two glass transitions of which the midpoints are hard to determine due to lack of
sufficiently clearly defined baselines. In any case, it is clear that optimal mixing at these
concentrations is not reached with either milling or freeze-drying.

With freeze drying, the T;’s in the mixtures 5, 10 and 25 % PVP are convoluted with the melting
peak of the mesophase, which is known to occur at 150°C (see Figure 5b), so it may be
concluded that mixing is not ideal, which is probably caused by the crashing out that happened
at the preparation stage of the freeze-drying process. However, there may also be a possibility
that the mesophase is incorporated in the mixture, because the mesophase is mostly amorphous
(Tizaoui et al. 2020; Christensen et al. 2013)) and the T,‘s of the samples closely follow the
values of the milled samples.

10



Table 1. Glass transition temperatures (7g) measured by DSC of the atorvastatin
calcium/PVP mixtures obtained by milling (M), spray drying (SD), and freeze drying

(F)?
PVPcontent 7T¢-M | Tg-SD Tg-F
(Wt%) (9] (9] (9]

0 142(1) | 143(1) @ 143(1)

5 140(1) = 141(1) b
10 139(1) | 143(1) = 139(1)
25 136(1) | 145(1) @ 135(1)
50 125(1) | 149(1) @ 124(1)
60 121(1) | 151(1) | 122(1)°

75 - 151(3) -¢
100 138(1) | 146(1) = 138(1)

 Standard deviation of the data has been given in parentheses
b T, convoluted with a melting peak; not enough baseline to determine value
¢ Samples do not appear monodisperse; hard to determine 7, values

3.2.3 Comparison between measured and calculated X-ray diffraction patterns

In the Supplementary Materials the diffraction patterns of the different mixtures (Figs. S2, S3,
and S4) are compared and discussed. It should be remarked here though that in the case of
freeze drying (Fig. S4), long-range order can be observed in these samples by the presence of
low-intensity diffraction peaks at around 18° 28and possibly also at 11°. The long-range order
is corroborated by the DSC results, in which for the higher ATC concentrations the mesophase
peak can be observed (Tizaoui et al. 2020; Christensen et al. 2013). Although, it is likely that
in the case of freeze drying the use of water in the solvent mixture, in which PVP is soluble,
but ATC is not, has simply not induced complete mixing of the two components on a molecular
level, a single glass transition temperature up to 50 % PVP appears to indicate that mixing and
structuring at a mesoscale level are not mutually exclusive phenomena and have been promoted
by the freeze drying process. This may have happened already at the preparation stage when
the methanol was removed from the solution and a liquid dispersion was formed. It has been
clearly demonstrated in previous studies that after the removal of the crystal water from the
ATC trihydrate a mesophase remains (Tizaoui et al. 2020; Christensen et al. 2013).
Interestingly, the pure ATC sample appears to be more amorphous than those containing
polymer, indicating that PVP somehow promotes the formation of the mesophase in freeze
drying.

3.2.4 The glass transition temperature as a function of the composition
In Fig. 6, the evolution of the glass transition temperature of the different solid dispersions is
shown as a function of the ATC weight fraction.
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Fig. 6. Glass transition temperatures of the ATC-PVP mixtures as a function of the PVP
weight fraction obtained by milling (green squares), by freeze drying (blue circles), and by
spray drying (yellow triangles) and determined by DSC. The dotted purple line is the Gordon-
Taylor relationship (for illustration only), while the solid red and dashed black lines are fits of
the milling data with the Kwei and Brostow equations, respectively. These fits are a guide to
the eye as the number of weight fractions is too limited for reliable 3-parameter fits.

A common description of the glass transition temperature as a function of composition is the
Gordon-Taylor expression (Gordon et al. 2014):

T = WiTg(PVP)+Kw,Tg(ATC)
gmix —

&)

wi+Kw,

Where the constant K, which in the original paper represents the change in the difference in
specific volume between the glassy and the liquid phase with temperature, can be approximated
by:

_ P:Tg(ATR)

"~ p,Tg(PVP) @

In these expressions, T,(ATR) and Tz(PVP) represent the glass transition temperatures of pure
atorvastatin and pure PVP, respectively. wi corresponds to the mass fraction of PVP in the
mixture and w» to that of ATC.

It is clear from Fig. 6 that spray drying and the other two amorphization methods produce
completely different results in terms of the glass transition temperatures and of their evolution
of T, versus composition. Spray drying appears to slightly raise the glass transition temperature
of the mixtures, but considering the descent in glass transition temperatures for the other two
methods, it is not clear how an attractive interaction between the API and the polymer may exist
that would only be triggered in spray-dried mixtures. Nonetheless, both polymer and API are
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amorphous and there appears to be one single phase with a single glass transition, but how the
two components are mixed together is not clear at this stage. Methanol, which is used as the
spraying solvent and which is a reasonable good solvent for both ATC and PVP, may play a
role. It can also be observed that PVP alone exhibits a significant increase in its glass transition
temperature when spray dried in methanol.

The glass transition temperatures of the milled samples and of the freeze-dried samples appear
to provide a picture of somewhat homogeneous mixtures up to about 60% PVP with a clear
minimum in the glass transition temperature as a function of the composition. The 7, behavior
cannot be fitted with the Gordon-Taylor equation nor with the Kwei equation (Kwei 1984;
Kalogeras 2010) as the red line in Fig. 6 demonstrates (Kkwei = 1 and g = —58.0). A better fit
can be obtained by an expression proposed by Brostow et al. (Brostow et al. 2008) leading to
the fitting parameters apo = —59.7, a1 = —79.1, and a» = -46.1 (Kalogeras 2010) (See the
supplementary information for the equation S1). Problematic for the latest fit is that there are
not enough data points (weight fractions) to warrant an equation with three variables, even if
both milled and freeze-dried 7, data are fitted together. So, the dashed line is principally a guide
to the eye.

Considering the clear negative deviation of the glass transition in both milling and freeze-drying
samples, the interactions between ATC and PVP do not appear to be favorable for mixing. This
is however contradictory to the results obtained by spray drying, which need more study to
understand the cause behind the increase in 7, with a maximum around the weight fractions of
60 and 75 %, although the combination of methanol and PVP may create conditions in which
the glass transition increases.

3.3 Stability of amorphous solid dispersions of ATC and PVP as a function of the
relative humidity
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Fig. 9. PXRD patterns of ATC-PVP amorphous dispersions prepared by spray drying with (a)
0% PVP, (b) 10% PVP, and (¢) 25% PVP after one year of storage at moisture levels of 0 %
RH (green), 57 % RH (blue), and 84 % RH (red), at room temperature

All amorphous solid dispersions of ATC-PVP take up water when subjected to increased
humidity levels and the higher the humidity, the higher the water take-up (Figs. S5, S6, and
S7); however, the increase in water content is mostly due to adsorption as, in most cases, it does
not lead to crystallization of the ATC trihydrate.

Milled ATC, stored at room temperature without polymer, demonstrates little tendency to
crystallize even under high humidity levels. In fact, the mixtures with a high content in PVP
exhibit a higher tendency to crystallize into the ATC trihydrate, even at low relative humidities.
It suggests that PVP may retain water or promote the capture of water that can subsequently be
used for recrystallisation of the ATC trihydrate (Fig. 7 and Fig. S8 in the supplementary
materials). Despite, the observation of typical trihydrate peaks, the level of crystallinity remains
extremely low, in the order of a few percent of the sample, even after one year. For dispersions
prepared by milling, an SHG signal appears after a year with increasing moisture content at
PVP percentages above 10 % (Table S1 and Fig. S12 in the supplementary materials).

In the samples obtained by freeze drying, little recrystallisation occurs over the timeframe of a
year, however, the mesophase, whose existence was already remarked just after amorphisation
remains, in particular for the samples containing polymer (Fig. 8). ATC without polymer and
amorphized by freeze drying appears to resist recrystallisation whether in a dry environment or
subjected to high humidity (Figs. 8 and S10) and the lamellar structure, indicated by the small
peak at 3° 26, does not appear to have any destabilizing effect. For a single sample prepared by
freeze drying with 10% PVP and subjected to 57% RH after one year, an SHG signal is
observed, indicating that NC crystallites have appeared in the sample, even if this was not
obvious from the XRPD results. No other freeze-dried samples exhibit recrystallisation
however (Table S1 and Fig. S13).

Samples obtained by spray drying demonstrate little change over the timeframe of a year (Fig.
9). One sample with 25% PVP and a relative humidity of 57% exhibits a single peak-like feature
at around 19° 26, which probably indicates an onset of crystallization, but this is not certain as
no other peaks are present. It may again demonstrate that high polymer content causes the
samples to be more prone to changes over time. The SHG signal of the dispersions prepared by
spray drying remains zero even with a high moisture content (Table S1 and Figs. S9 and S14).

3.4 The influence of the polymer concentration on the stability of the amorphous
dispersions

In Figs. S15 and S19, it can be seen that the milled samples crystallize to a larger extent when

more PVP is present in the mixtures. In addition, an increase in humidity from 57 to 84 % RH

also appears to promote crystallization. Samples without PVP or containing very little PVP are

the most persistent over time and under high humidity levels.

The dispersion with 75% PVP formed a sticky paste already after 10 days, while the other
dispersions remained powdery, demonstrating the instability of solid dispersions containing
high concentrations of PVP K40. PVP generally suffers from such instability, especially under
conditions of high relative humidity (Caron et al. 2013).
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The presence of PVP in freeze drying clearly promotes the formation of the mesophase and
consequently a certain level of structuration is present in the samples afterwards. This appears
to lead to some crystallization of the ATC after a year as SHG signals appear in the 10% PVP
samples, whereas samples without PVP remain amorphous (Figs. S16 and S20).

In the case of spray drying, basically no crystallization is observed for any of the samples and
so neither the PVP concentration nor the relative humidity seem to affect the amorphous state
(Figs. S17 and S21), even if the samples with no or little PVP content do exhibit a sort of long-
range lamellar structure as indicated by the small peak at 3° 28in the diffraction patterns.
Thus, overall, the data demonstrates a destabilizing effect of PVP on the amorphous state of
ATC, because the milled samples with PVP crystallize more readily, and to a lesser extent the
freeze-dried samples too. In the spray-dried samples, the increase in the 7y may in part explain
why very little crystallization is observed. Finally, amorphous samples that do not contain PVP,
either milled, spray-dried, or freeze-dried do not crystallize at all (Figs. S19-S21).

3.5 The influence of the amorphisation method on the stability of the amorphous
dispersion

Comparing the different methods, it is clear that, even if water take-up did not particularly
depend on a method (Fig. S11), milled samples are more prone to recrystallization, in particular
under high relative humidities, whereas amorphization methods with solvent increase the
chance of forming a mesophase-like structure in the presence of polymer (Fig. S22). Spray-
dried samples for which methanol was used exhibit the least recrystallisation tendency (Fig.
S22), which is confirmed by second harmonic generation spectroscopy (Fig. S18).

4 Discussion

Ball milling appears to produce a single phase, well-dispersed amorphous drug as shown by the
single T, values up to 60% PVP. However, the negative deviation in the glass transitions as a
function of polymer content demonstrate a weak, unfavorable interaction between the API and
the polymer. In milling, material departs from a solid crystalline state and amorphization is the
result of the creation of disorder in the initially ordered crystalline matrix and therefore
nanocrystals or semi-structured nanodomains, not observable by X-ray diffraction, may still
remain in the sample (Bates, S. et al. 2006). The combination of remaining crystalline nuclei
after milling and the weak unfavorable ATC-polymer interaction may lead to the observed
recrystallisation that, although slowly, occurs in most of the milled samples. In this respect it is
striking to see that the samples not containing PVP show least tendency to recrystallize, and the
polymer therefore clearly exhibits a destabilizing effect. The fact that PVP and ATC are both
hygroscopic may trap a certain amount of water in the milled samples and the plasticizing effect
of water may explain part of the decrease observed in the glass transition temperatures
(Rumondor et al. 2009).

Freeze-drying exhibits similar results in terms glass transition temperatures; however, the
mesophase is clearly present in almost all samples. Less recrystallisation may be explained by
the absence of any prior crystalline nuclei, due to the dissolution stage in the amorphization
process. There is also an indication that the system in the case of freeze-drying and in the case
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of milling has a problem in deciding itself about its state above approximately 60% PVP, where
the well-defined 7, seems to disappear and possibly gets replaced by two T,’s, but their
respective values are hard to determine due to a lack of a clear baseline. It is well known in the
literature that solvents and drying of drug-polymer dispersions can have significant effects on
their demixing (Dohrn, S. et al. 2021 ; Dohrn, S. et al 2020 ; Boel, E et al. 2021). These effects
may also play a role in the freeze-drying experiments.

The presence of methanol and the differences in solubility of the polymer and ATC during
preparation of the spray-dried samples may have led to a rather specific phase being produced
as the increase in 7 indicate, although more study is needed to better understand the behavior
of PVP under these conditions and of these mixtures.

5 Conclusions

In this paper, the influence of the amorphization pathways, of polymer content, and of the
moisture levels during storage on the physical state of atorvastatin-polyvinylpyrrolidone solid
dispersions has been studied. Three amorphization methods were explored: high-energy
milling, freeze drying, and spray drying.

Milling leads to samples that tend to recrystallize, albeit slowly. The presence of PVP
accelerates recrystallisation, whereas the influence of the level of relative humidity is less clear.
A negative deviation of the glass transition temperature as a function of the PVP composition
clearly indicates that the interaction between ATC and PVP is not favorable within mixtures
obtained by milling.

Freeze drying leads to structuration in the samples in the form of a mesophase when PVP is
present, while the decrease in the glass transition temperature indicates that mixing between
polymer and API is similar to that of the milled samples. The mesophase may be due to the
formation of a liquid dispersion in the preparation stage of the spray drying experiment.
Samples without PVP do not tend to crystallize for over a year, whereas PVP containing
samples exhibit some level of structuration and crystallization. The level of relative humidity
appears to be of lesser importance for crystallization, as long as some water is present for the
formation of the ATC trihydrate.

Spray drying leads to samples with increased glass transition temperatures, which implies a
certain stabilization of the mixtures and for pure PVP. This is also borne out by the high-
humidity storage experiments, because neither samples with nor without PVP exhibit much
tendency to crystallize over the time of a year. Hence, the amorphization method and most
likely the solvent, methanol, in combination with PVP affects the stability of mixtures
considerably and the interactions between the polymer and the API as well as the interactions
with the solvent used during the amorphization seem to play important roles.

There was no clear difference in the effect of the amorphization method on recrystallization of
pure ATC, as it did not occur for any of these samples.

In the case of atorvastatin calcium, its amorphous state and the high glass transition temperature
clearly give the API sufficient stabilization against recrystallisation even in the presence of
water vapor. PVP destabilizes the amorphous state of atorvastatin calcium under certain
conditions, either by structuring the samples to some extent or by functioning as a source for
water molecules. From the current experiments, spray drying of atorvastatin calcium (in the
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absence of PVP) leads to the most persistent amorphous samples that resist crystallization for
over a year even in the presence of water vapor.
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