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Fast screening of amorphous solid dispersions (ASDs) is a need in the pharmaceutical industry. To support this,
several emerging technologies have been developed ranging from in-silico prediction to miniaturized high-
throughput experimentation. However, a notable challenge lies in the absence of comparative data. In the
present work, a combination of a miniaturized screening of ASDs with calculation of activity coefficients using
the conductor like screening model for real solvents (COSMO-RS) was proposed. First, the physical stability of
ASDs comprising drugs of different glass forming ability (GFA) each with ten pharmaceutically relevant polymers
was evaluated under accelerated stress conditions at two drug:polymer ratios. The miniaturized high-throughput
screening method was based on the instability onset time that was monitored by polarized light microscopy
(PLM). Furthermore, COSMO-RS was used to assess the interaction strength between the drugs and polymers by
calculating activity coefficients, which was combined with estimations of the wet glass transition temperature
(Tg), to account for molecular mobility. The computational calculations showed an overall alignment of 87 %
with the instability of the ASDs observed experimentally for comparable drug:polymer ratios and humidity
conditions. This positive result supports the current understanding of stable ASD formulation where at given
ambient conditions, a low molecular mobility as well as the strength of interaction between drug and polymer
has a main impact on the physical stability of ASDs. The current results are further encouraging to implement
such a combined in-vitro/high-throughput (HTS) and in-silico strategy in early industrial screening of ASDs.

1. Introduction relative to the crystalline form of the compound due to a higher Gibbs

free energy (Kapourani et al., 2020). Furthermore, the presence of

An increasing number of new active pharmaceutical ingredients
(APIs) in the pharmaceutical pipeline exhibit poor water solubility,
affecting absorption and ultimately bioavailability of the drug (Peter
van Hoogevest et al., 2011). Absorption of a drug via the oral route is
primarily dependent on three aspects; i) solubility, ii) dissolution rate,
and iii) intestinal permeability, which can all lead to inadequate ab-
sorption if the extent of these parameters is not sufficient relative to the
API dose. Preparation of amorphous solid dispersions (ASDs) provides a
promising tool to obtain an improved apparent solubility and dissolution
rate (Zhang et al., 2019, Wolbert et al., 2022, Rumondor et al., 2009).
ASDs are composed of drug, in the amorphous form, mixed in a poly-
meric carrier, which generally improves aqueous kinetic solubility

* Corresponding author.

polymeric carriers can improve wetting of the API, resulting in improved
dissolution and possibly enhanced drug absorption (Lehmkemper et al.,
2017, Newman and Zografi, 2023). From manufacturing to adminis-
tration, there are multiple stages where the API of an ASD crystallize.
These include; i) non-homogeneous blending of the ASD components
during manufacture, ii) instability during shelf life, and iii) potential
precipitation of the API in vivo following oral administration (Ricarte
et al., 2019). Through selection of a suitable polymer, one should ach-
ieve a desired release of the API from the formulation, avoid/delay
precipitation in vivo, and improve shelf life (Taylor and Zhang, 2016,
Que et al., 2021). The polymeric carrier has therefore a three-faceted
function. Firstly, and secondly, it can affect the rate and extent of drug
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Fig. 1. Chemical structures of the model compounds.

release behavior from an ASD as the API must be released within the
gastrointestinal transit time to achieve efficient oral absorption (Dukeck
et al., 2013). Thirdly, selection of an appropriate carrier is key for
achieving the desired physical stability over the entire shelf-life of the
drug product, which is influenced by three main components: thermo-
dynamic, kinetic, and environmental parameters (Baird and Taylor,
2012). For ASDs, the amount of drug in the polymeric carrier typically
exceeds the solubility in the polymer so it can result in phase separation
and recrystallization of the API (Tian et al., 2020, Tian et al., 2016,
Ilevbare and Taylor, 2013). For stability reasons it is, hence, crucial to
consider the glass transition temperature when selecting a polymeric
carrier (Tg). When the temperature is kept clearly below the Tg, the ASD
is in a glassy state and to some extent kinetically stabilized, as especially
the molecular o-relaxations are immobilized (Kothari et al., 2014).
Contrary, when the storage stability is above the glass transition tem-
perature, the molecules within the ASD are in the supercooled liquid
state and therefore have a higher degree of mobility, leading to a higher
instability increasing the chance/risk of recrystallization (Li et al., 2015,
Kapourani et al., 2020, Kothari et al., 2014). As a general guideline,
many studies suggest a storage temperature below Ty - 50 K to ensure
good physical stability of the ASD (Baird and Taylor, 2012, Taylor and
Zhang, 2016). Therefore, using a polymer with a high glass transition
temperature can result in a reduction of the overall molecular mobility
and consequently increased physical stability (Hiew et al., 2022). With
respect to such a kinetic stabilization, Baird and Taylor reported a
positive correlation between molecular mobility of ASDs and the degree
of recrystallization (Baird et al., 2010). Another important parameter to
be considered is drug- polymer compatibility and hence intermolecular
interactions between the two. Favorable intermolecular interactions
translate into good miscibility to avoid or inhibit a phase separation that
would eventually lead to drug recrystallization (Taylor, 2009). Finally,
importance should be given to environmental factors such as relative
humidity (RH) and temperature, which can indirectly affect the ther-
modynamic and kinetic properties of the ASD (Lin et al., 2018). For
example, an increase in temperature can result in increased molecular
mobility within the ASD and destabilize the system (Xie and Taylor,
2017). The presence of water on the other hand, has a plasticizing effect
by breaking the intermolecular interactions and accelerating processes
such as nucleation and crystal growth (Tian et al., 2016, Lin et al., 2018).
Recrystallization of the API in this instance would affect not only
physical stability, but also solubility and the biopharmaceutical product
performance (Taylor and Zhang, 2016, Baird and Taylor, 2012). Thus,
many factors can influence physical stability of an ASD making the
screening for suitable excipients challenging and it is therefore currently
still a trial-and-error process (Dukeck et al., 2013, Newman and Zografi,
2023). Despite reported applications of high-throughput methods in the
pharmaceutical field to accelerate early formulation development,

adequate excipient selection remains a lengthy and costly process,
which is further limited by little API availability, particularly at the early
discovery and development stages (Wyttenbach et al., 2007, Wytten-
bach et al., 2013). This highlights the need for non-empirical methods,
such as computational models, to help guide excipient selection.
Recently, computational methods have been applied with good success
to the drug development field (Kuentz et al., 2021). For example, mo-
lecular dynamics (MD) simulations have been used to assess
drug-polymer interactions, while also the combined quantum-chemical
and thermodynamic approach of the conductor-like screening model
for real solvents, COSMO-RS, has been reported as promising regarding
formulation development (Kuentz et al., 2021, Aulifa et al., 2024, Xiang
and Anderson, 2013). COSMO-RS has been applied within the phar-
maceutical industry for drug property prediction and first attempts have
been made to support oral and parenteral formulation development
(Loschen and Klamt, 2015, Aulifa et al., 2024). In a recent study, Price
and co-workers applied COSMO-RS successfully for the selection of
precipitation inhibitors (Price et al., 2019). Furthermore, COSMO-RS
has been used to predict API solubility in several media (Loschen and
Klamt, 2015). Very recently, Antolovic and coworkers used the
COSMO-SAC model to predict API-polymer compatibility (Antolovic
et al., 2024). The investigation by Antolovic et al. included both solu-
bility and miscibility aspects of different APIs with a series of polymers
and it was reported that overall, the estimations were reasonable
although individual predictions clearly deviated from experimental re-
sults (Antolovic et al., 2024). Moreover, from a qualitative perspective,
the model correctly ranked polymers based on their compatibility with
the APL. In the current work the main goal was to evaluate COSMO-RS as
supportive tool, to experimental high-throughput screening methods, to
guide excipient selection at the early stages of ASD development. Firstly,
a miniaturized high-throughput screening method was used to prepare
ASDs of griseofulvin, nifedipine and felodipine in the presence of ten
pharmaceutically relevant polymers, at two ratios. Further, the physical
stability of the obtained ASDs was investigated under accelerated stress
conditions over a three-month period. The onset of instability of the
ASDs was related to the interaction strength between API and polymer,
by means of activity coefficients calculated by COSMO-RS, to compare
in-silico results and in-vitro experiments. Moreover, considering the
importance of molecular mobility, the glass transition temperature (Tg)
of the ASDs was estimated using the Gordon-Taylor equation, which
allowed for a more educated comparison of ASDs and predicted activity
coefficients within a given mobility domain.

2. Materials and methods

Nifedipine was purchased from Thermo Fisher Scientific (Dreieich,
Germany). Felodipine was obtained from TCI Europe (Eschborn,
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Estimated glass transition temperatures (Tg) of the neat active pharmaceutical ingredients (APIs) and polymers and densities used for the Gordon-Taylor equation.

Component Density (g/cm®) Tg (°C) Tg References
API Griseofulvin (GFA I) 1200 89 (Baird et al., 2010)
Nifedipine (GFA II) 1200 45 (Baird et al., 2010)
Felodipine (GFA III) 1200 45 (Baird et al., 2010)
Polymer PVP K30 1712.6 162.5 (Asgreen et al., 2020)
PVP VA 64 1455.0 101 (BASF, 2022)
HPMC E5 1327.8 154 (Honary and Orafai, 2002)
HPMC AS LG 1280.1 119 (Butreddy, 2022)
HPMC AS MG 1306.7 120 (Butreddy, 2022)
HPMC AS HG 1265.5 122 (Butreddy, 2022)
Eudragit E100 804.6 48 (Patra et al., 2017)
Eudragit L100 1150.1 195 (Moustafine et al., 2006)
Eudragit L100 55 1190.0 111 (Moustafine et al., 2006)
Soluplus 1187.7 70 (BASF, 2024)

Germany) and griseofulvin was purchased from Sigma-Aldrich (Darm-
stadt, Germany). HPMC AS grades LG, MG and HG were purchased from
Shin Etsu AQOAT (Chigasaki, Japan), Eudragit grades E100, L100 and
L100 55 were obtained from Evonik (Essen, Germany), Soluplus, PVP
K30 and PVP VA 64 were purchased from BASF (Ludwigshafen, Ger-
many) and HPMC E5 was obtained from VWR (Leuven, Belgium).

2.1. Preparation of amorphous solid dispersions

ASDs of griseofulvin, nifedipine and felodipine were casted to films
in combination with ten pharmaceutically relevant polymers. The
chemical structure of the model APIs can be seen in Fig. 1. Drug stock
and polymer stock solutions were prepared separately in dichloro-
methane:methanol solvent mixture (1:1). Subsequently, the polymer
and API stock were used to prepare API:polymer master mixes in a 1:2
and 1:3 (w/w) ratio using the Hamilton Microlab STAR liquid handling
robot (Grafelfing, Germany). Nifedipine is a light-sensitive compound
and was therefore protected whenever possible. 100 pg films were cas-
ted in 1 mL flat bottom glass vials (LOADEF 96- tray) from Screening
Devices, followed by quick solvent evaporation at 70 °C under vacuum
for one hour in a Heraeus Vacutherm oven from Thermo Scientific
(Dreieich, Germany). All samples were casted in triplicates, including
neat API and neat polymer controls.

2.2. Accelerated stability studies

The casted ASD films were stored under the following three stress
conditions: (a) 40 °C and 75 %RH, (b) 50 °C and 75 %RH, and (c) 50 °C
and 30 %RH, to assess both the impact of temperature and humidity
over a three-month period. Samples were stored in WKL temperature
and humidity- controlled chambers from Weiss (Buchen, Germany). All
samples were stored in darkness, with minimal light exposure during
handling to mitigate relevant chemical degradation, which could
otherwise lead to physical instability. After defined intervals of 0, 2, 7,
21, 42, 63, and 84 days, the casted ASDs were investigated for recrys-
tallization by a custom-made Polarized Light Miscroscopy (PLM) Vision
Station from Vision Engineering (Surrey, UK). Photographs were taken
using a GV-5890CP-C-HQ Rev. 2.2 camera from Imaging Development
Systems (Obersulm, Germany) and a Vision Recorder by Exmore
(Beerse, Belgium). Images were assessed visually for onset and growth of
instability/crystallization. However, a quantification of crystallinity or
further instrumental physical bulk analytics was considered beyond
scope of the present work on early ASD screening. Thus, an initial
categorization into fully amorphous, instability onset time (moderate
PLM signal) and high PLM signal is provided. The timepoint at which
birefringence expanded compared to the instability onset time was
categorized as high PLM signal observed.

2.3. Estimation of the Gordon Taylor Glass transition temperature

The wet glass transition temperature of the ASD systems was calcu-
lated to estimate the mobility domain for each ASD. For this purpose, the
Gordon-Taylor equation was used, as shown below in equation .1;

_ ZKw Ty,

Tg= ZKiw, ®
where w; are the wt % components in the wet system (API, polymer and
water) and Tg; are the respective glass transition temperatures,
expressed in Kelvin

Ty values available in the literature were used for the APIs and
studied polymers and can be found in Table 1.

K; parameter was calculated from the densities (p) of the pure
components and pure glass transition temperatures, using equation 2.
The parameter i is representative of the ASD components, APIL, polymer
or water.

K = Papi Tgapt 2)
piTei

Water sorption measurements at ambient temperature were used in
the calculation, assuming the overall ranking of polymers would not
change at the higher tested temperatures. The amorphous density of the
APIs was assumed to be 1.2 which was about 90-95 % of the density of
crystalline APIs, generally falling between 1.4 and 1.6.

2.4. Estimation of the water uptake of the ASDs

To mimic the experimentally tested physical stability conditions, the
water uptake of the ASDs was estimated at 30 %RH and 75 %RH at 25
°C. Although the ASDs were incubated at 40 °C and 50 °C, it was
assumed that the water uptake as qualitative ranking would not change
relative to the ranking obtained at 25 °C. Internal dynamic vapor
sorption (DVS) values were measured with a DVS Intrinsic PLUS from
Surface measurement Systems (London, UK), which for the tested
polymers can be found in Table S1 in the supplementary materials. No
DVS measurements were performed for the crystalline poorly water-
soluble APIs (given their low hygroscopicity), instead the water sorp-
tion behavior was estimated to be 0.6 at 30 %RH and 1.7 for measure-
ments at 75 %RH. These values were used to estimate the water uptake
of the ASDs at an API:polymer ratio of 1:2 and 1:3 (w/w). The results
obtained can be seen in Table S2 in the supplementary materials.

2.5. COSMO-RS modeling

The Conductor Like Screening Model for Real Solvents (COSMO-RS)
has its foundations in the conductor-like-screening model (COSMO) and
has been previously described in the literature (Klamt and Eckert, 2000,
Klamt, 2011). The theoretical approach is related to the dielectric
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Onset of instability in days for the studied amorphous solid dispersions, ASDs at the investigated stress conditions over a three-month period. Only the unstable

combinations are included.

Griseofulvin
Polymer 1:2 (w/w) APL:Polymer 1:3 (w/w) APL:Polymer
40°C/75RH | 50°C/75RH | S0°C/30RH | 40°C/75RH | 50°C/75RH | 50°C/30RH
Neat API 2 2 2 2 2 2
PVP K30 2 2 >84 2 2 >84
PVP VA 64 2 2 >84 7 7 >84
Soluplus 7 2 42 7 2 84
HPMC E5 2 63 >84 2 84 >84
HPMC AS LG 4 7 >84 63 21 >84
HPMC AS MG 21 21 >84 21 4 >84
HPMC ASHG | >84 21 >84 >84 21 >84
Nifedipine
Polymer 1:2 (w/w) API:Polymer 1:3 (w/w) API:Polymer
40°C/75RH | 50°C/75RH | 50°C/30RH | 40°C/75RH | 50°C/75RH | 50°C/30RH
Neat API 2 2 2 2 2 2
PVP K30 4 84 >84 84 >84 >84
HPMC E5 63 84 >84 63 84 >84
Eudragit L100 55 63 4 >84 63 42 >84
Felodipine
Polymer 1:2 (w/w) API:Polymer 1:3 (w/w) API:Polymer
40°C/75RH | 50°C/75RH | 50°C/30RH | 40°C/75RH | 50°C/75RH | 50°C/30RH
Neat API 21 21 21 21 21 21

continuum solvation models (PCM), but with a few advantages. For
example, contrary to the classic PCM models, it can distinguish between
two solvents with identical dielectric constants. Furthermore, it enables
consistent thermodynamic behavior calculations of mixture properties
across varying temperatures, making it applicable to a variety of fields
that were previously not accessible to continuum models (Diedenhofen
and Klamt, 2010, Klamt and Eckert, 2000). COSMO-RS combines
quantum chemical calculations (i.e, based on density functional theory)
with statistical thermodynamics of molecular surface segments to more
accurately predict thermodynamic properties such as chemical poten-
tials, related activity coefficients, and solubility values. The solvent is
treated like a continuum dielectric medium where the solute molecules
are placed. The medium shields the solute’s charge distribution,
consequently affecting solvation energies and the interaction between
the solvent and solute. The solvent S is considered as collection of
pair-wise interacting segments, with the interaction energies between
segment pairs defined based on the screening charge densities of ¢ and
o’ of the corresponding sigma surfaces. Detailed information regarding
the statistical thermodynamics equations are given, for example, in the
work by Klamt and Eckert (Klamt and Eckert, 2000). As for computa-
tional implementation of the model, excipient molecules were modeled
based on simplified structures and the screening charge densities of APIs
for COSMOtherm (version 2022.0.0, Dassault Systemes GmbH, Lev-
erkusen, Germany) calculations were generated by the Turbomole
package, version 7.4, using the Becke-Perdew (BP) BP86 density func-
tional (Perdew, 1986) with a triple-zeta valence polarized (TZVP)
TZVP34 basis set (BP-TZVP-COSMO template as implemented in COS-
MOconf by considering different conformers).

The screening charge densities of the polymers (i.e., so-called sigma
profiles) were also built at a BP-TZVP-COSMO level theory. Following
the COSMOtherm calculations of the chemical potentials, the software
determined as the last step the activity coefficients, In(y;) (equation 3):

o) - )

RT )

Where, ,uJ(P ) is the chemical potential of the pure drug and ,uj(i) is the
respective chemical potential of the component j in the excipient matrix.

Activity coefficients of the different binary ASDs in the present work
were calculated at two humidities 30 % RH and 75 % RH. For that
purpose, calculations were performed on ternary systems, adding water,
with water fraction values shown in Table S2.

To build the different polymer models, COSMOconf calculations
were first performed on trimers of the different oligomeric unit consti-
tuting the polymer. The different trimers were later merged into one .
mcos file representative of the polymer, where weight fractions of the
different oligomers were assigned based on polymer chemical formula.

3. Results and discussion
3.1. Onset of instability

In the current study a combined in vitro in silico approach was
investigated as a method to screen ASDs in early development, where
the first step was to determine an onset of instability. Therefore, physical
stability of ASDs with three APIs in the presence of ten pharmaceutically
relevant polymers was investigated over a three-months period. The
polymer amount was varied from a 1:3 API:polymer ratio to a lower 1:2
ratio (both as w/w), to assess the impact of polymer type and content on
the physical stability of the generated ASDs. Furthermore, two temper-
ature and two humidity conditions were investigated, resulting in three
investigated conditions, namely 40 °C/ 75 %RH, 50 °C/ 30 %RH, and 50
°C/ 75 %RH. The condition of 40 °C/ 75 %RH is often used as an
accelerated stress condition according to ICH (Q1A) (Sanjay Bajaj et al.,
2012). PLM was used to determine the onset of instability and the first
time point at which birefringence of a sample was detected (for at least
one of the three replicas) was defined as the instability onset time. It
should be highlighted that birefringence can arise from several factors,
but it primarily corresponds to crystallization and demixing of the API
and polymer phases, which marks the beginning of physical instability.
Therefore, the term ‘onset of instability” was used in this work to refer to
any type of effect that would destabilize the ASD system. Another
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API Griseofulvin API Griseofulvin API Griseofulvin
Polymer / Polymer PVP K30 Polymer PVP K30
Ratio / Ratio 1:2 Ratio 1:3
Time oD | 2D [1W | 3W | 6W | 9W [12W Time oD Time OD‘ZD ‘1W 3W |6W 9W [12W
40175 : 40175 : 40773 : g
°C/Y °Cl% RH °Cl/% RH
(°C/% RH) B (°C/% RH) A (°Cl% RH) A A
5075 A 50175 2 5075 : g .
°C/Y °Cl% RH °Cl/% RH
(‘CRRH) | (CCI%RH) | (CRRH) 1 a ¢ ¢
A C A A A A A A A A A A A A A A
50/30 50/30 50/30
ccmrH) | A C cc%RH) |A A A A A A A comRH) |A A A A A A A
A C A A A A A A A A A A A A A A
API Nifedipine API Nifedipine API Nifedipine
Polymer / Polymer PVP K30 Polymer PVP K30
Ratio / Ratio : Ratio :3
Time oD | 2D |1W | 3W | 6W | 9W |12W Time oD ‘ZD ‘1W ‘3W ‘SW ‘SW ’12W Time oD ‘ZD ‘1W ‘SW lGW ‘SW ‘12W
A C A A A A CCC A A A A A A C
40/75 40/75 40/75
ccrrH) | A © ccrmRrH) |A A A A C C C ccrrH) |A A A A A A C
’ A C A A AACCC A A A A AAC
A C A A A A A A C A A A A A A A
50/75 50/75 50/75
(°Cl% RH) A C (°CI% RH) A A A A A A C (°CI% RH) A A A A A A A
A C A A A A A A A A A A A A A A
50/30 A C 50/30 A A A A A A A 50/30 A A A A A A A
(°CI% RH) A C (°CI% RH) A A A A A A A (°CI% RH) A A A A A A A
A C A A A A A A A A A A A A A A
API Felodipine API Felodipine API Felodipine
Polymer / Polymer PVP K30 Polymer PVP K30
Ratio Ratio 1:2 Ratio 1:3
Time oD ‘2D ‘1W‘3W‘6W‘9W‘12W Time 0D‘2D‘1W‘3W‘6W‘9W‘12W Time ODIZD ‘1W’3W‘6W’9W‘12W
A A A C C C C A A A A A A A A A A A A A A
40/75 40/75 40/75
(°CI% RH) A A A C C C cC (°Cl% RH) A A A A A A A (°CI% RH) A A A A A A A
A A A C C C cC A A A A A A A A A A A A A A
A A A C C C C A A A A A A A A A A A A A A
50/75 50/75 50/75
(°CI% RH) A A A C C C C (°CI% RH) A A A A A A A (°CI% RH) A A A A A A A
A A A C C C C A A A A A A A A A A A A A A
A A A C C C C A A A A A A A A A A A A A A
50/30 50/30 50/30
(°CI% RH) A A A C C C C (°CI% RH) A A A A A A A (°Cl% RH) A A A A A A A
A A A C C C ¢ A A A A A A A A A A A A A A

Fig. 2. Example of physical form and potential instability (crystallisation/demixing coded as C and amorphous coded as A) over time plots (i.e, days coded as D and
weeks given as W) for the pure drugs and in presence of PVP K30 at the studied ratios and stress conditions. Green (fully amorphous), orange (moderate polarized
light microscopy (PLM) signal observed), red (high PLM signal observed). Time plots for the remining ASDs that showed instability can be found in the supple-

mentary section.

important point was about the term ‘onset’ in the context of time. As
previously mentioned, the onset time was defined as the first time point
where birefringence was detectable. Realistically, for many of the
investigated ASDs, the onset of instability fell somewhere in between
two measuring time points. Table 2 summarizes the onset of instability
for each of the studied systems. ASDs that did not show instability within
the three-month study duration are not included in the table.

Furthermore, an example of instability versus time chart is shown in
Fig. 2 for the neat APIs and in presence of PVP K30. Time charts for the
remainder of the systems can be found in Fig. Sla, S1b and Slc in the
supplementary information.

The purpose of these charts was firstly to categorize the ASD films
into fully amorphous systems or unstable mixtures, where initiation of
instability in terms of developing demixing and crystallization over time
was based on increased birefringence. Secondly, it was aimed to
compare the impact of polymer type and content on the physical sta-
bility of the investigated ASDs using PLM, which is known to be sensitive
to detect traces of crystallinity. However, a further quantification of
crystallinity or further later-stage physical analytics was considered
beyond scope of the present work on early ASD screening. No birefrin-
gence was observed on the PLM images before storage, indicating that
the tested ASDs were all fully amorphous at the time of casting. An
example of PLM images taken over time is shown in Fig. 3.

As can be observed from Table 2, the onset of instability for amor-
phous felodipine, in the absence of polymer, was significantly later than
for griseofulvin and nifedipine. This was likely because felodipine is a
GFA class III compound and therefore a slow crystallizer compared to
the other two investigated APIs (Alhalaweh et al., 2015, Baird et al.,
2010). The slower crystallization behavior of felodipine also resulted in
stable ASDs with no instability observed in the systems containing
polymer. On the other hand, the onset of instability for griseofulvin and
nifedipine was detected on day 2 for all studied conditions, in line with
their faster crystallization profile as GFA I and II, respectively (Baird
et al., 2010). For griseofulvin ASDs in the harshest condition, at 50 °C/
75 %RH, seven out of the ten tested polymers showed instability within
the twelve-week stability study. PVP K30, PVP VA 64, Soluplus and
HPMC AS LG, all exhibited an onset of instability within the first 7 days
of monitoring, at least in the case of the lower API:polymer ratio. HPMC
AS MG showed an instability onset within the first month for the ASDs
with lower polymer content and within two months for the ASDs with a
higher polymer content, emphasizing that an increase in polymer
quantity could provide a greater degree of stabilization and therefore it
could delay the onset of instability for those systems. On the other hand,
for HPMC AS HG ASDs, the onset of instability was observed within the
first month for the studied ratios. This agrees with the common under-
standing that lower polymer to drug ratios in ASDs represent more
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Day 2

Week 12

GRS GRS
Neat

PVP K30

NIF
Neat

NIF
PVP K30

Fig. 3. Example of PLM images taken over time for the neat drugs and in
presence of PVP K30. Griseofulvin (GRS), nifedipine (NIF) and felodipine (FEL).

FEL
Neat

FEL
PVP K30

challenging systems to stabilize physically (Liu et al., 2017, Newman
and Zografi, 2023). Finally, HPMC E5 showed crystallization during the
last month of storage. For the storage condition, at 40 °C/ 75 %RH, the
behavior was like the one observed at 50 °C/ 75 %RH for the more
hydrophilic polymers, PVP K30 and PVP VA 64. For the HPMC based
systems, the onset of instability came later in time compared to the
previous storage condition. For example, for HPMC AS LG, the onset
time was observed in the middle of the second month at 40 °C/ 75 %RH,
while it was observed on day 7 at 50 °C/ 75 %RH, when a 1:2 (w/w) APIL:
polymer ratio was used and even later for the ASDs presenting a higher
content of polymer.

Finally, for HPMC E5, the onset of instability was observed on day
63. This was surprising considering a higher temperature generally re-
sults in increase molecular mobility within the ASD. However, an
elevated temperature can also result in formation of microdomains
within the polymer matrix. This, in turn, can enhance the local solubility
of the API in the polymer, thereby reducing the thermodynamic driving
force for crystallization. While this phenomenon was not experimentally
evaluated in the present study, it offers a possible explanation as to why
the onset of instability at 50 °C/ 75 %RH was delayed compared to the
40 °C/ 75 %RH condition. For the griseofulvin ASDs incubated at 50 °C/
30 %RH, instability was observed only in the presence of Soluplus, at
day 42 for the lower polymer-content systems and at day 84 for the
higher polymer-content ASDs. No instability was observed for any of the
investigated Eudragit polymers at any of the tested conditions, sug-
gesting that these polymers should be preferred for stabilizing of gris-
eofulvin ASDs from a physical standpoint.

Nifedipine is a GFA class II compound and is therefore a slower
crystallizer compared to griseofulvin (Alhalaweh et al., 2015, Baird
et al., 2010). While the API itself showed instability already on day 2, in
the presence of polymers, it was stable for most studied systems for the
whole duration of the study. For this API, instability under the harshest
storage conditions was observed for PVP K30, HPMC E5 and Eudragit
L100 55. Virtually no difference was observed in the onset of instability
time between the lower versus the higher-content polymer ASDs, but for
ones containing PVP K30. Further, no instability was observed in the
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Table 3
Estimated wet T (°C) of the investigated formulations at the selected storage
conditions determined as described in sections 2.3 and 2.4.

Polymer 25 °C - 30% RH* 25 °C - 75% RH*
API 1:2 (w/ 1:3 (w/ 1:2 (w/ 1:3 (w/
w) w) w) w)
Griseofulvin ~ Eudragit E100 54.3 52.1 50.0 48.0
Eudragit L100 127.6 134.0 77.7 78.0
Eudragit L100 83.3 83.6 44.9 41.8
55
HPMC AS HG 94.9 96.8 68.1 67.4
HPMC AS LG 93.1 94.7 66.4 65.5
HPMC AS MG 93.3 95.0 66.3 65.4
HPMC E5 109.2 113.3 54.8 52.4
PVP K30 73.2 72.1 -24.9 -34.1
PVP VA 64 74.4 73.6 -5.1 -12.7
Soluplus 65.1 63.3 28.4 239
Nifedipine Eudragit E100 45.2 45.4 41.2 41.6
Eudragit L100 110.7 120.8 65.6 68.9
Eudragit L100 69.5 73.2 34.7 34.3
55
HPMC AS HG 79.5 85.0 55.4 57.9
HPMC AS LG 77.7 82.9 53.8 56.0
HPMC AS MG 77.7 83.0 53.5 55.8
HPMC E5 92.2 100.0 43.3 43.9
PVP K30 57.8 60.3 -30.9 -38.1
PVP VA 64 59.6 62.3 -12.3 -17.7
Soluplus 52.5 53.9 19.2 17.2
Felodipine Eudragit E100 45.2 45.4 41.2 41.6
Eudragit L100 110.7 120.8 65.6 68.9
Eudragit L100 69.5 73.2 34.7 34.3
55
HPMC AS HG 79.5 85.0 55.4 57.9
HPMC AS LG 77.7 82.9 53.8 56.0
HPMC AS MG 77.7 83.0 53.5 55.8
HPMC E5 92.2 100.0 43.3 43.9
PVP K30 57.8 60.3 -30.9 -38.1
PVP VA 64 59.6 62.3 -12.3 -17.7
Soluplus 52.5 53.9 19.2 17.2

" Water uptake of the ASDs was estimated at 30 %RH and 75 %RH at 25 °C.
Although the ASDs were incubated at 40 °C and 50 °C, it can be assumed that the
water uptake behavior, from a ranking perspective, would not change relative to
25 °C.

presence of Soluplus, Eudragit E100, or L100 as well as the HPMC AS
polymers. Finally, at 50 °C/ 30 %RH all ASDs containing polymer were
stable throughout the studied timeframe. As previously introduced,
independently of the apparently simple binary system that composes an
ASD, several parameters play into achieving satisfactory physical sta-
bility (Ricarte et al., 2019, Huang and Dai, 2014). Firstly, drug-polymer
miscibility should be considered. If the two components are not homo-
genously blended, it can represent a first stage where the API separates
into two amorphous phases from where crystallization would initiate
from the drug-rich phase. The latter phase would have an unfavorably
high drug-to-polymer ratio and a recent study on crystallization also
demonstrated an accelerating crystallization for such phase-separating
ASDs (Wolbert et al., 2022). In our study, the absence of birefringence
at time zero indicated that the casted ASDs appeared macroscopically
homogeneous without residual instability arising from sample prepa-
ration. However, it is important to specify that this does not rule out the
possibility of amorphous phase separation, as such phenomena are not
always detectable by birefringence alone. A second well known critical
stability parameter is the glass transition temperature of the system. If
polymeric matrix is carefully selected, the glass transition temperature
of the mixture can help reducing molecular mobility in the formulation,
whereby especially the a-relaxation should be minimized (Xie and
Taylor, 2017, Péter-Haraszti et al., 2024). Furthermore, storage condi-
tions also have a fundamental impact, as both temperature and humidity
can act as plasticizers favoring instability and crystallization (Kapourani
et al., 2020). The estimated wet Ty of the investigated formulations at
the selected storage conditions, is then providing a measure of the
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Fig. 4. Predicted interaction strength by means of the calculated activity coefficient between drug and polymer (active.coeff) for the wet and dry systems (details are

given in the text).

molecular mobility domain of the ASDs, can be seen Table 3.
Considering the wet T, of the ASDs containing griseofulvin, the more
susceptible systems seemed to be those containing PVP K30, PVP VA 64
and Soluplus. This was expected based upon the hygroscopicity of these
polymers and given that water has a strong plasticizing effect. The
calculated wet Ty values reflected further the known different ten-
dencies to absorb water, consequently providing different degrees of

kinetic stabilization (Lehmkemper et al., 2018). Internal DVS measure-
ments and manufacturer glass transition temperature values for the
polymers studied can be found in Table S1 in the supplementary infor-
mation. Soluplus was not as hygroscopic as the studied PVPs, however, it
showed a relatively low T of 70 °C compared to that of 162 °C and 101
°C, of PVP K30 and PVP VA 64, respectively. In line with these obser-
vations, the ASDs containing these polymers were also the systems that
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Table 4a
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Observed alignment between the calculated interaction strength (activity coefficient) and physical stability (onset of instability in days) for griseofulvin-based ASDs.
Highlighted in gray is the ASD that presented the weakest interaction strength but that was stable over the three-month study.

Griseofulvin
1:2 (w/w) - API:Polymer 1:3 (w/w) - API:Polymer
40°C/75%RH
Polymer In (act. Ins;alls)éltlty Expected? Polymer In (act. Insgits);ltlty Expected?
coeff) (days) Y/N coeff) (days) Y/N
Eudragit L100 55  0.14 >84 Y Eudragit L100 55  0.20 >84 Y
Eudragit E 100  0.37 >84 Y Eudragit E 100  0.45 >84 Y
HPMC ASHG  0.56 >84 / HPMC ASLG  0.66 63 N
HPMC ASLG  0.56 42 Y HPMC ASHG  0.67 >84 Y
HPMC ASMG  0.56 21 Y HPMC ASMG  0.67 >84 /
Soluplus  1.02 7 Y Soluplus  1.17 7 Y
HPMC ES5 1.20 2 Y HPMC ES5 1.42 2 Y
PVPK30 2.07 2 Y PVPK30  2.38 2 Y
PVPVA 64 243 2 Y PVPVA 64  2.78 7 Y
Neat API / 2 / Neat API / 2 /
50°C/75%RH
Eudragit L100  0.08 >84 Y Eudragit L100  0.12 >84 Y
Eudragit L100 55  0.14 >84 Y Eudragit L100 55  0.20 >84 Y
Eudragit E 100  0.37 >84 / Eudragit E 100  0.45 >84 /
HPMCASLG 0.56 7 Y HPMC ASLG  0.66 21 Y
HPMC ASHG  0.56 21 Y HPMC ASHG  0.67 21 Y
HPMC ASMG  0.56 21 Y HPMC ASMG  0.67 42 Y
Soluplus 1.02 2 Y Soluplus 1.17 2 Y
HPMCE5 1.20 63 Y HPMC E5 1.42 84 Y
PVPK30 2.07 Y PVPK30 2.38 2 Y
PVP VA 64  2.43 7 Y PVPVA 64  2.78 2 Y
Neat API / / Neat API / 2 /
50°C/30%RH
Eudragit L100  -0.53 >84 Y Eudragit L100  -0.62 >84 Y
Eudragit L100 55  -0.41 >84 Y Eudragit L100 55  -0.47 >84 Y
PVPVA 64  0.10 >84 Y PVP VA 64  0.09 >84 Y
Soluplus  0.11 42 N Soluplus  0.10 84 N
HPMC ASLG 0.34 >84 Y HPMC ASLG 041 >84 Y
Eudragit E 100 0.35 >84 Y HPMC ASMG  0.44 >84 Y
HPMC ASMG  0.35 >84 Y Eudragit E 100  0.44 >84 Y
HPMC ASHG  0.37 >84 Y HPMC ASHG 045 >84 Y
HPMCE5  0.57 >84 Y PVPK30  0.65 >84 Y
PVPK30  0.58 >84 / HPMCE5  0.70 >84 /
Neat API / 2 / Neat API / 2 /

exhibited their instability onset the earliest, independently of the stress
condition. Noteworthy is that this was not the case for nifedipine and
felodipine. This could be explained by the slower tendency to crystallize
of those APIs compared to griseofulvin (Panini et al., 2019, Alhalaweh
etal., 2015, Mahlin and Bergstrom, 2013). On the other hand, HPMC AS
polymers have a relatively high T, of about 120 °C and a lower tendency
towards water sorption (Butreddy, 2022, Borrmann et al., 2022). Hence,
molecular mobility may not have been the leading cause of instability

for these ASDs. Nevertheless, aside from HPMC AS HG, ASDs containing
the MG and LG grades still showed instability in the higher humidity
conditions. Supposing molecular mobility was not the driving force in
this case, instability for these systems could be explained by the weak
interaction (Fig. 4) between griseofulvin and the HPMC AS MG and LG
polymers. All ASDs containing polymer placed at 50 °C/ 30 %RH, except
the ones containing Soluplus, were stable. In the case of Soluplus this
was explained by the lower Tj of this polymer combined with the higher
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Table 4b
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Observed alignment between the calculated interaction strength (activity coefficient) and physical stability (onset of instability in days) for nifedipine-based ASD.
Highlighted in gray is the ASD that presented the weakest interaction strength but that was stable over the three-month study.

Nifedipine
1:2 (w/w) - API:Polymer 1:3 (w/w) - API:Polymer
40°C/75%RH
Polymer (elarclt. Ins(fits);ltlty Expected? Polymer In (act. IHS(:E:;“Y Expected?
coeff)  (days) YN coefh)  (Gays) YN

Eudragit L100  0.13 84 N Eudragit E100  0.15 >84 Y
Eudragit L10055 0.14 63 N Eudragit L10055  0.62 63 N
Eudragit E 100 0.54 >84 Y Eudragit L100  0.64 >84 Y
Soluplus  0.69 >84 Y Soluplus  0.78 >84 Y
HPMC ASHG 0.79 >84 Y HPMC ASHG 091 >84 Y
HPMC ASMG  0.83 >84 Y HPMC ASMG  0.96 >84 Y
HPMC ASLG 1.86 >84 Y HPMC ASLG  0.99 >84 Y
PVPK30 1.35 42 N PVPK30 1.50 84 N
HPMC E5 1.46 63 N HPMCE5 1.70 63 N
PVP VA 64 229 >84 / PVPVA 64 2.62 >84 /
Neat API / 2 / Neat API / 2 /

50°C/75%RH
Eudragit L100  0.13 >84 Y Eudragit L100  0.15 >84 Y
Eudragit L10055  0.52 42 N Eudragit L10055  0.62 42 N
Eudragit E 100  0.54 >84 Y Eudragit E 100  0.64 >84 Y
Soluplus  0.69 >84 Y Soluplus  0.78 >84 Y
HPMC ASHG 0.79 >84 Y HPMC ASHG 091 >84 Y
HPMC ASMG  0.83 >84 Y HPMC ASMG  0.96 >84 Y
HPMC ASLG 0.86 >84 Y HPMC ASLG  0.99 >84 Y
PVP K30 1.35 84 N PVPK30 1.50 >84 Y
HPMCES 1.46 84 N HPMCES 1.70 84 N
PVP VA 64 229 >84 / PVPVA 64 2.62 >84 /
Neat API / 2 Neat API / 2 /

50°C/30%RH
Soluplus  -0.31 >84 Y Soluplus  -0.40 >84 Y
PVP VA 64 -0.27 >84 Y PVP VA 64 -0.36 >84 Y
PVPK30 -0.10 >84 Y PVPK30 -0.18 >84 Y
Eudragit L100  0.09 >84 Y EudragitL100  0.11 >84 Y
Eudragit E 100 0.10 >84 Y Eudragit E 100  0.11 >84 Y
Eudragit L100 55 0.13 >84 Y Eudragit L100 55 0.16 >84 Y
HPMC ASHG 0.66 >84 Y HPMC ASHG  0.78 >84 Y
HPMC ASMG  0.69 >84 Y HPMC ASMG  0.82 >84 Y
HPMC ASLG 0.70 >84 Y HPMC ASLG 0.84 >84 Y
HPMCE5 0.90 >84 / HPMC E5 1.08 >84 /
Neat API / 2 / Neat API / 2 /

hygroscopicity (Table S1). Furthermore, polymer content seemed to
have a notable impact, particularly in the case of the HPMC AS poly-
mers, where a higher polymer content delayed the onset of instability for
the harshest condition. Like humidity, temperature can have a plasti-
cizing effect and lead to higher molecular mobility in the system.
However, temperature also often promoted better miscibility between
API and polymer (Pisay et al., 2023). This explains why in the case of

HPMC E5, the instability onset for the 50 °C/ 75 %RH was observed
significantly later than at 40 °C/ 75 % RH. Being a GFA class II drug,
nifedipine should intrinsically present a lower tendency to crystallize
compared to griseofulvin, which as mentioned is a GFA I class compound
(Baird et al., 2010, Alhalaweh et al., 2015). This was in overall agree-
ment with the findings obtained in the present study, however, for
nifedipine, in absence of a polymer, the onset of instability was on day 2
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as for griseofulvin, which therefore has a limited prediction capability
for ASDs as mixtures. Nevertheless, it should be noticed that the first
measurement following time zero was on day 2 and the onset happened
somewhere between days 0 and 2; presumably taking place first for
griseofulvin and then followed by nifedipine (Baird et al., 2010, Alha-
laweh et al., 2015). Similarly to griseofulvin, the onset in the nifedipine
ASDs containing HPMC E5 was earlier at the 40 °C/ 75 %RH condition
compared to that at 50 °C/75 %RH. This further supports the idea that
the higher temperature may have promoted better miscibility of this
polymer with the API, thereby delaying the instability onset (Pisay et al.,
2023). Nifedipine ASDs that exhibited instability within the studied
timeframe were those containing PVP K30, Eudragit L100 55 and HPMC
E5 at 50 °C/75 %RH. As previously mentioned for PVP K30, instability
was likely driven by the plasticizing effect of humidity. In the case of
Eudragit L100 55, instability may be explained by the poor API/polymer
interaction at the higher humidity as can be seen in Fig. 4. When
comparing the dry system to the wet ASD there was a significant
worsening of the affinity between API and polymer once water was
present. These data corresponded to the finding of other studies, i.e. that
the presence of water did not only have a plasticizing effect but can
further disrupt some of the interactions between API and polymer
resulting in an overall reduced affinity to the polymer with a negative
effect on ASD physical stability (Xie and Taylor, 2017, Tian et al., 2016,
Lin et al., 2018)

3.2. Comparison of calculated activity coefficients and experimental
results

COSMO-RS theory was employed to calculate the activity co-
efficients of drug in the polymer matrix. Thus, values greater than unity
indicate that the drug experiences unfavorable interactions with the
excipient, whereas values smaller than unity suggest favorable in-
teractions of drug and polymer by means of hydrogen bonding, Van der
Waals, or dipole interactions. The activity coefficients of the dry systems
(i.e., composed of API and polymer alone) and of the wet systems are
shown in Fig. 4.

Apart from the previously mentioned factors of reducing molecular
mobility and external parameters such as humidity, the strength of the
interaction between API and polymer is a well-known main driver to
form a stable ASD (Walden et al., 2021, Wyttenbach et al., 2013,
Lehmkemper et al., 2017). There is an inverse relationship between
activity coefficient and interaction strength. The lower the In of the
activity coefficient, the stronger the interaction between API and poly-
mer, thus resulting in a lower thermodynamic driving force towards
phase separation and hence increased physical stability. Accordingly,
the experimental onset of instability for each ASD was related to the
calculated activity coefficient to evaluate a possible relationship be-
tween these parameters to guide excipient selection for future com-
pounds that need to be formulated as ASDs. Table 4a and 4b show the
studied ASDs ranked in order of decreasing activity coefficient. There-
fore, the ASDs at the top represent the strongest interaction between API
and polymer, while the ones at the bottom, the weakest.

The ASD that presented the weakest interaction strength but still was
stable over the three-month study was identified for each API:polymer
ratio and stress condition, see grey markings in Table 4a and 4b. For
instance, for griseofulvin ASDs stored at 40 °C/ 75 %RH, in a 1:2 ratio,
this corresponds to the ASD comprising griseofulvin with HPMC AS HG.
It should be noted that although the ASDs containing the different
grades of HPMC AS had the same activity coefficient, and hence inter-
action strength, only the one with HPMC AS HG was stable throughout
the study, which was selected as a “reference”. The better stability of the
ASDs containing the HPMC AS HG polymer was likely explained by the
higher viscosity of this grade and therefore decreased molecular
mobility (Butreddy, 2022). Assuming that a stronger interaction of drug
and polymer would align with ASD stability, one would expect that all
ASDs presenting a lower activity coefficient than the reference should
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have remained stable over the studied timeframe too. By contrast, for
values of the activity coefficient being higher than that of the reference
ASD, this tendency of relatively weaker interactions aligns with exper-
imental findings of poor physical stability. This expectation of alignment
is shown in the third column of Table 4a and 4b for each API:polymer
ratio and stress condition. Any deviations from expected outcomes are
marked in bold. For instance, for griseofulvin ASDs stored at 40 °C/ 75 %
RH, in a 1:3 (w/w) ratio, this corresponds to the ASD comprising of
griseofulvin with HPMC AS LG, because despite of having a slightly
lower activity coefficient than the reference, this ASD was unexpectedly
unstable. This was different for felodipine, in that no instability was
observed for this API in presence of polymer. According to this assess-
ment approach, an overall alignment between computational para-
metric calculations and binary experimental results (i.e. stable vs.
unstable) was observed for 87 % of the studied ASDs. These results are
encouraging and emphasize the ability of COSMO-RS to adequately
group ASDs based on their performance on physical stability. Hence,
providing preliminary guidance on excipient selection for development
of stable ASDs. Despite the comparatively large number of systems
studied in this work, more drugs would be necessary for each GFA class
to draw conclusions on a statistical level. For the small number of ASDs
that deviated from the expected results based on COSMO-RS calcula-
tions, molecular mobility was likely the leading cause. One first outlier
was the ASD comprising griseofulvin and HPMC AS LG stored at 40 °C/
75 %RH in the 1:3 (w/w) APLpolymer ratio. As can be seen from
Table 4a, the strength of interaction for the HPMC AS polymers was
essentially the same across the different grades, however, only ASDs
composed by HPMC AS LG were unstable, while no instability was
observed for HPMC AS grade MG and HG. This is explained by the vis-
cosity of these polymers. The LG grade has lowest viscosity amongst the
three and, therefore, higher molecular mobility (Butreddy, 2022). On
the other hand, surprisingly, ASDs containing any grade of HPMC AS
polymer in a 1:2 (w/w) APIL:polymer ratio, were all stable. One aspect to
be considered in this instance is that instability, including crystalliza-
tion, is a stochastic process, which explains why instability was observed
only in the ASDs composed of higher content of HPMC AS LG. For
griseofulvin ASDs stored at 50 °C/ 30 %RH, it was observed that Sol-
uplus deviated from what was expected by the activity coefficient cal-
culations. For both APLpolymer ratios, ASDs of griseofulvin with
Soluplus, were unstable, despite exhibiting a stronger interaction with
API compared to the reference ASD. This can be explained by a combi-
nation of molecular mobility and strength of interaction between API
and polymer. When considering the wet Tg, presented in Table 3 and the
stress temperature of 50 °C, molecular mobility was borderline between
glassy and liquid domain. This can visually be seen in Fig. S2 in the
supplementary section. In addition to molecular mobility, the interac-
tion strength was here on a parametric scale compared to binary stability
outcomes for simplicity, but this comes at the risk that for activity co-
efficients close to zero, there can be deviations from stability expecta-
tions. Nevertheless, a clear positive effect can be seen by the higher
polymer content, where the onset of instability was only observed at the
very end of the third month. In the case of nifedipine, for the 40 °C/ 75 %
RH stress condition, PVP K30 HPMC E5 and Eudragit L100 55 were
unstable, despite presenting better interaction strength compared to
PVP VA 64. Also in this case, the explanation can be linked to the mo-
lecular mobility of these systems. Considering the humidity of 75 %RH,
the ASD with PVP K30 falls in the deep liquid domain with a Ty of -30
and -38, for the 1:2 (w/w) and 1:3 (w/w) APIL:polymer ratios, respec-
tively, fundamentally indicating less restricted motion of the molecules
within those ASD. The ASD with HPMC E5 and Eudragit L100 55,
instead, were borderline. With a T of 43 for the ASD containing HPMC
E5 in a 1:2 (w/w) ratio and a Ty of 34.7 (1:2 w/w) and 34.3 (1:3 w/w)
for the ASDs containing Eudragit L100 55, where molecules within the
ASD start to exhibit more pronounced a-relaxation. The ASD comprising
nifedipine and Eudragit E100 in a 1:2 (w/w) ratio exhibited instability
on day 84. This was at the very end of the study and was not observed for
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Fig. 5. Relationship between interaction strength and molecular mobility (as expressed by the temperature difference to Tg in°C) for the studied ASDs. Green dots:
ASDs that did not exhibit instability over the studied timeframe. Orange squares: ASDs that exhibited instability within two months. Red crosses: ASDs that showed

instability within one month.

any of the other studied ASDs, suggesting this was likely due to the
stochastic nature of destabilizing processes such as crystallization.
Another important observation was related to ASD containing PVP VA
64 at the higher humidity conditions. The estimated Ty for those systems
were -12 °C and -17 °C for the 1:2 (w/w) and 1:3 (w/w) APLpolymer
ratios, respectively. This suggested that these ASDs would exhibit a
comparatively high molecular a-relaxation. However, when looking at
the interaction strength between nifedipine and PVP VA 64 for the dry
system (see Fig. 4) it can be noticed that PVP VA 64 formed the strongest
interaction compared to the other polymers. Finally, one should keep in
mind that the estimated Ty values by the Gordon-Taylor equation can
show notable deviations from true values, especially, in case of pro-
nounced molecular interactions (Panini et al., 2019, Moustafine et al.,
2006). Therefore, both the estimates of the mobility domain and water
sorption were viewed as initial approximations in the framework of the
screening approach presented. This resulted in an overestimation of the
water sorption capacity of the system. The same reasoning can be
applied to the ASDs comprising nifedipine in mixture with PVP K30,
stored at 50 °C/ 75 %RH, where such a low Ty was resulting from an
overestimation of the water sorption by the polymer.

3.3. Mapping interaction strength and molecular mobility domain
regarding ASD physical stability

As discussed previously, different factors can influence the physical
stability of an ASD, such as immiscibility between API and polymer,
increased molecular mobility due to high temperature and/or humidity
as well as the strength of interactions between API and polymer. Water,
in particular, can significantly affect ASD stability. It competes with the
API for binding to the polymer, increasing the thermodynamic driving
force promoting crystallization (Wyttenbach et al., 2013, Xie and Tay-
lor, 2017). Additionally, water has a plasticizing effect on molecular
mobility, which further favors instability (Tian et al., 2016). Overall, the
presence of water weakens interactions between the API and polymer,
which can be reflected in a larger activity coefficient. These parameters
were considered previously for a detailed comparison of solid disper-
sions that can be compared as being specific for a given drug, compo-
sition and storage condition, respectively (Table 4). To generally map
molecular mobility domain and molecular interactions regarding phys-
ical stability, Fig. 5 shows the results for the different drugs.

In this analysis, the interaction strength (i.e. calculated activity co-
efficient) was plotted against the difference obtained by subtracting the
Tg from the stress condition temperature. To evaluate the impact of these
two parameters on ASD physical stability, the ASDs were divided into
three categories depending on their instability onset time. The results for
all stress conditions and APIL:polymer ratios were plotted together to
have a more general view of the results. Fig. 5 can be visually divided
into four virtual quadrants. In the upper right of the plots the ASDs that
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showed both high molecular mobility as well as weak interactions can be
found. In the lower right quadrant are the systems located that have high
molecular mobility but strong interactions. On the upper left are the
systems that are in the glassy domain but that show poor interaction
strength. Finally, the lower left quadrant contains the ASDs that showed,
both, good interactions as well as being in the glassy domain. This way
of plotting the data can provide visual guidance for selecting the most
promising ASDs during early development. Generally, it may be possible
to compute the interaction strength between API and polymer as well as
estimate the Ty of the studied systems, finally generating a plot similar to
the ones obtained in Fig. 5. Considering the ASDs without felodipine (for
which no instability was obtained), selecting the ASDs in the lower left
quadrant of the plot seemed a safe choice for obtaining physically stable
ASDs. Although larger dataset of APIs would be required to corroborate
current observations, the present pilot study provided consistent ob-
servations, despite of the different physico-chemical properties of the
studied APIs as well as their different GFA classes. Finally, as previously
explained, the water sorption of the PVP polymers was consistently
overestimated. Therefore, the ASDs containing PVP were inaccurately
positioned in the far upper right of the graphs in Fig. 5, clearly high-
lighted in Fig. S2 in the supplementary section, and would fall some-
where in the middle of the plot.

4. Conclusion

ASDs of three different APIs in the presence of ten pharmaceutically
relevant polymers, at different ratios, were investigated for their phys-
ical stability under three accelerated stress conditions. The experimental
results were compared to computational activity coefficient calculations
obtained by COSMO-RS theory. The computational calculations were in
alignment with a binary stability assessment and by considering the
different ASDs relative to a reference, which yielded an overall success
rate of 87 %. For the ASDs that deviated from the alignment with the
computed activity coefficients, molecular mobility was likely the lead-
ing cause. While more experiments would be necessary to further
confirm the proposed screening strategy, the present study provided
insights and proposed an initial computational approach to aid excipient
selection based on the activity coefficient obtained from COSMO-RS and
wet T, estimations. This strategy helps identifying formulations of
physically stable ASDs by relying on computational and automated
miniaturized experiments. Therefore, the presented in-vitro in-silico
approach is promising for industrial stability screening of ASDs but
would then have to be complemented with a separate biopharmaceutical
screening approach for a viable industrial implementation.
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