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A B S T R A C T

There is a growing industrial need for quick and early screening of amorphous solid dispersions (ASDs). While 
new technologies are emerging, including in-silico predictions and high-throughput experimentation, a signifi
cant gap exists due to a lack of comparative data. The aim of this work was thus to compare experimental data 
with calculations obtained by the Conductor like Screening Model for Real Solvents (COSMO-RS). A small-scale 
high throughput method based on solvent casting was used to evaluate the release behavior and precipitation 
inhibition capacity of ASDs of griseofulvin and nifedipine in the presence of ten pharmaceutically relevant 
polymers. COSMO-RS was then used to investigate the interaction strength between drug and polymer by means 
of drug activity coefficients. A stronger interaction would result in better supersaturation maintenance. This was 
reflected in our results and a good alignment between calculations and experimental performance was observed. 
COSMO-RS effectively differentiated between polymers with strong precipitation inhibition (PI) functionality 
and separated those with weaker efficacy for most of the ASDs studied. This pre-selected list of polymers can 
serve as a foundation for additional studies on all relevant drug development quality attributes, from stability to 
manufacturing.

1. Introduction

1.1. Polymer selection in amorphous solid dispersions

An increasing number of new active pharmaceutical ingredients 
(APIs) in modern drug discovery exhibit poor water solubility, which 
can negatively affect their absorption (Kawakami, 2012). The extent of 
drug absorption via the oral route primarily depends on three factors: 
solubility, dissolution rate, and intestinal permeability. The preparation 
of amorphous solid dispersions (ASDs) offers a promising solution to 
dissolution and absorption challenges (Zhang et al., 2019, Wolbert et al., 
2022; Rumondor et al., 2009). ASDs are systems in which the API is 
dispersed within a polymeric matrix; due to their high free energy they 
can significantly improve the apparent aqueous solubility relative to the 
compound’s thermodynamic solubility (Taylor, 2016). Additionally, the 
presence of polymeric carriers can improve API wetting, further 
enhancing dissolution rate and oral absorption. Selecting the right 

polymeric carrier is key to obtaining the desired API release from the 
formulation, delaying precipitation in vitro and in vivo, as well as 
enabling an acceptable shelf life (Wyttenbach et al., 2013). The choice of 
polymer can greatly influence the dissolution behavior of an ASD by 
affecting the dissolution rate as well as the amount of dissolved drug, 
both of which are key for effective administration within the gastroin
testinal transit time (Fdukeck et al., 2013). Besides the drug dissolution 
kinetics influenced by the polymer, several other aspects must be 
investigated to ensure good performance of the final formulation. After 
early pre-formulation and profiling of drug candidates, different ASD 
screening assays can be carried out to select candidate excipients that 
meet several formulation requirements. Early ASD development 
screening may be oriented towards aspects such as apparent solubility, 
physical stability and supersaturation maintenance to reach early-phase 
clinical trials. At a later stage, further quality aspects such as manufac
turability, long-term physical stability, regulatory requirements and 
cost-of-goods have to be considered. For example, API-polymer 
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miscibility should be considered at an early stage, as it is generally a 
prerequisite for physical stability. Another key factor is solubility and 
potential amorphous drug loading of the API in the polymer, as this 
affects the degree of supersaturation, possibly supersaturation mainte
nance due to drug affinity to the polymer, and finally the achievable 
dose strength. Here, the development stage and drug availability play 
key roles. For instance, larger quantities of API and polymer are needed 
for formulation development and supply in later stages of clinical 
development. Amorphous solid dispersions are typically produced 
through hot melt extrusion, spray drying or, less commonly, lyophili
zation (Han et al., 2023; Baird and Taylor, 2012). Each of these 
manufacturing methods comes with specific requirements for the poly
mer, as outlined in the literature (Bhujbal et al., 2021). Furthermore, the 
pH profile of the polymer may be important, especially when an enteric 
polymer is required for targeted release. Another point to consider is API 
permeability: good permeability leads to rapid drug absorption. In such 
cases, maintaining supersaturation for long periods of time may not be 
as critical as for less permeable drugs or when the dose is relatively low. 
In summary, while polymer selection for a final drug product has to be 
based on multiple formulation parameters, an early-stage ASD screening 
assay can focus on a specific performance factor such as drug super
saturation, which was the focus of the present work.

1.2. Novel tools to support early development of amorphous formulations

High throughput screening methods are increasingly used in the 
pharmaceutical field, which has greatly facilitated screening not just in 
drug discovery but also in early formulation development, for example 
to identify suitable polymers in supersaturating formulations (Dai et al., 
2007; Warren et al., 2010). Miniaturized ASD screening is becoming 
more established in pharmaceutical firms, and solvent casting is typi
cally employed for subsequent physical and chemical analysis (Chiang 
et al., 2012; Shanbhag et al., 2008). Nevertheless, selecting the appro
priate excipient remains a time-consuming and costly process, often 
constrained by limited API availability, especially in the early stages of 
development (Wyttenbach et al., 2013). This emphasizes the need for 
non-empirical methods such as computational models to help guide 
excipient selection, and such computational methods have gained wide 
attention in the pharmaceutical field to support drug development. 
Molecular dynamics simulations (MDs), for instance, have often been 
used to gain mechanistic understanding of drug-excipient interactions in 
ASDs (Aulifa et al., 2024; Xiang and Anderson, 2014). Ditzinger et al 
used MDs to gain structural insights into the interaction between feno
fibrate, lysine and sodium-CMC as extruded ASD formulations 
(Ditzinger et al., 2020). Apart from such force-field based molecular 
simulations, the conductor-like screening model for real solvents 
(COSMO-RS) is of particular interest as it combines quantum-chemical 
surface calculations with statistical thermodynamics (Klamt and Eck
ert, 1999). In a study by Price and colleagues, COSMO-RS as a fragment- 
based approach, has been successfully used to select precipitation in
hibitors (Price et al., 2019). More recently, COSMO-RS was employed 
for ternary ASDs and Antolovic and co-workers utilized COSMO-SAC 
(Segment Activity Coefficient) to predict the compatibility between 
APIs and polymers (Antolovic et al., 2024; Niederquell et al., 2024). The 
latter research incorporated both the solubility and miscibility of the API 
with the polymer, finding that while the model tended to slightly 
overestimate API solubility in the polymer, the overall predictions were 
reasonable (Antolovic et al., 2024). From a qualitative perspective, the 
model also correctly ranked polymers based on their API compatibility. 
The aim of the present study was therefore to evaluate COSMO-RS as a 
support tool for high-throughput screening methods, to guide excipient 
selection in the early stages of ASD development.

2. Materials and methods

2.1. Materials

Nifedipine was purchased from Thermo Fisher Scientific (Dreieich, 
Germany). Griseofulvin was purchased from Sigma-Aldrich (Darmstadt, 
Germany). Purity for both APIs was 98 %. Hydroxypropyl methylcel
lulose acetate succinate (HPMC AS) grades LG, MG and HG were pur
chased from Shin Etsu AQOAT (Chigasaki, Japan), Eudragit grades E100 
and L100 were obtained from Evonik (Essen, Germany), Soluplus, pol
yvinylpyrrolidone K30 (PVP K30) and polyvinylpyrrolidone vinyl ace
tate 64 (PVP VA 64) were purchased from BASF (Ludwigshafen, 
Germany) and hydroxypropyl methylcellulose (HPMC) E5 was obtained 
from VWR (Leuven, Belgium). Dichloromethane, methanol, formic acid, 
glacial acetic acid, tris base, hydrochloric acid and sodium hydroxide 
were purchased from Merck (Darmstadt, Germany). Sodium chloride, 
maleic acid and isopropanol were from VWR (Leuven, Belgium). N- 
methylpyrrolidone (NMP) was purchased from Sigma-Aldrich (Darm
stadt, Germany). Finally, trifluoroacetic acid (TFA) was obtained from 
Thermo Scientific (Ghent, Belgium).

2.2. Methods

2.2.1. Preparation of amorphous solid dispersions
ASDs of griseofulvin and nifedipine were film casted in combination 

with ten pharmaceutically relevant polymers. Drug stock and polymer 
stock solutions were prepared separately in dichloromethane:methanol 
solvent mixture 1:1 (v/v). Subsequently, the polymer and API stock were 
used to prepare API:polymer master mixes in a 1:2 and 1:3 (v/v) ratio 
using the Hamilton Microlab STAR liquid handling robot (Bonheiden, 
Belgium). Nifedipine is a light sensitive compound and was protected 
from light whenever possible. 777 µg films were casted in 10 mL 
headspace glass vials (46x22.5 mm, clear glass) from VWR (Leuven, 
Belgium) to eventually yield 100 µg films after addition of 7 mL media 
during the release assay. Casting was followed by quick solvent evapo
ration at 70 ◦C under vacuum for one hour in a Heraeus Vacutherm oven 
from Thermo Scientific (Dreieich, Germany). All samples were cast in 
triplicate. The present study is a continuation of our previous work 
(Zeneli at al., 2025) and amorphousness of the ASD films was verified as 
part of such screening.

2.2.2. Drug release assay
A single phase, non-sink, miniaturized high-throughput dissolution 

test was conducted in blank simulated fasted state intestinal fluid 
(FaSSIF), i.e., without lecithin and taurocholate, (pH 6.5) for the tested 
ASDs. Seven mL of fresh media, preheated at 37 ◦C, was added to the 
films and samples were shaken at 37 ◦C using the Hamilton Microlab 
STAR liquid handling robot (Bonheiden, Belgium); the samples were 
then incubated for two hours. 500 µL of mixture were collected and 
transferred to a preheated polytetrafluoroethylene (PTFE) filter plate at 
each time point. 100 µL of filtrate were transferred to a Nunc (A/S) ultra 
performance liquid chromatography (UPLC) 96 well block from Sigma 
Aldrich (Steinheim, Germany) and diluted with 100 % NMP prior to 
drug quantification. The blocks were immediately sealed with pre-slit 
well caps from Thermo Scientific (Dreieich, Germany).

2.2.3. Equilibrium solubility
Equilibrium solubility of griseofulvin was determined in blank FaS

SIF, pH 6.5, in absence of polymer, using the Hamilton Microlab STAR 
liquid handling robot. Excess drug was transferred to Nunc 2 mL 96 
deep-well blocks from Sigma Aldrich (Steinheim, Germany). The blocks 
were sealed and incubated under shaking at 37 ◦C for 24 h. 500 µL of 
mixture were collected and transferred to a preheated PTFE filter plate. 
100 µL of filtrate were transferred to a Nunc (A/S) UPLC 96 well block 
and diluted with 100 % NMP prior to drug quantification. The blocks 
were immediately sealed with pre-slit well caps for PP plate from 
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Thermo Scientific (Dreieich, Germany). Nifedipine quantification was 
not successful with this method, which suggested that the miniaturized 
drug separation method may have caused some loss of quantifiable drug 
in solution. Therefore, measurements were in this case repeated at a 
larger 10 mL scale.

2.2.4. UPLC quantification of the APIs
Samples were separated on an Acquity UPLC BEH C18 column (2.1 x 

50 mm, 1.7 μm particle size) from Waters™ (Etten-Leur, Netherlands). 
The mobile phase was composed of 0.1 % (v/v) TFA in water (A) and 
acetonitrile (B), respectively, for both griseofulvin and nifedipine. The 
instrument flow rate was set to 0.6 mL/min with a run time of 3.5 min 
per injection. Griseofulvin was detected at a wavelength of 293 nm, 
while nifedipine was measured at 236 nm, using an Acquitiy UPLC® 
BEH C18 1.5 µm column and an injection volume of 2 µL.

2.2.5. COSMO-RS modelling
COSMO-RS (Conductor-like Screening Model for Real Solvents) is 

based on the conductor-like screening model (COSMO) and has been 
well described in the literature (Klamt and Eckert, 1999; KLAMT, 2011). 
It belongs to the family of dielectric continuum solvation models, 
particularly related to polarizable continuum models (PCM), but offers 
several advantages. Unlike classical PCM models, COSMO-RS can 
distinguish between solvents with identical dielectric constants. More
over, it enables consistent thermodynamic predictions for mixtures over 
a broad temperature range, extending the applicability of continuum 
models to systems that were previously inaccessible (Diedenhofen and 
Klamt, 2010; Klamt and Eckert, 1999). COSMO-RS combines quantum 
chemical calculations with statistical thermodynamics to predict key 
thermodynamic properties, such as solubility and molecular interactions 
in solvents. In this framework, the solvent is modeled as a continuous 
dielectric medium in which solute molecules are embedded. This me
dium shields the solute’s charge distribution, influencing solvation en
ergies and solute–solvent interactions.

Fig. 1 shows the screening charge densities of the model drugs 
griseofulvin and nifedipine; similarly, a solvent S can also be repre
sented. Notably, COSMO surface charges typically have inverted signs 
compared to the original electron density. Regions of higher electron 
density correspond to more positive screening charge density, while 
regions of lower density correspond to more negative screening charge 
density. Solvent–solute interactions are modeled as a collection of 
interacting surface segments, with the interaction energy between each 
segment pair defined by their respective screening charge densities (σ 
and σ′). For a more detailed explanation of the statistical thermodynamic 

framework, see Klamt and Eckert (2000).
In the final step, activity coefficients (ln γj) were calculated using the 

COSMOthermX software from BIOVIA (Dassault Systèmes Germany 
GmbH, Leverkusen, Germany; version 22.0.0) using the following 
relation: 

ln
(

γj

)
=

(μ(i)
j − μ(P)

j )

RT 

where, µj
(P) is the pseudo-chemical potential of the pure component j and 

µj
(i) is the pseudo-chemical potential of the component j in the liquid 

phase.
For more computational details on molecular models, the 3D ge

ometry of each API was generated from their SMILES code and a ge
ometry optimization of the molecule was then performed using the 
Forcite module (Material Studio, release 2024) with ultra-fine conver
gence criteria. This optimized geometry was later used to compute 
screening charge densities of the APIs using the TURBOMOLE software 
package (version 7.4), employing the Becke-Perdew (BP86) density 
functional (Perdew, 1986; Becke, 1988) with the triple-zeta valence 
polarized (TZVP) basis set (BP-TZVP-COSMO + GAS_18 template as 
implemented in COSMOconf). Most of the conformations generated 
were within a relative energy ranking of 3 kcal/mol and were all 
considered for activity coefficient calculation.

Moreover, polymer screening charge densities were also generated at 
the BP-TZVP-COSMO level. To construct polymer models, COSMOconf 
calculations were performed on trimers of the different oligomeric units 
comprising the polymer. These trimers were merged into a single.mcos 
file representative of the polymer, with weight fractions of each olig
omer assigned based on the polymer’s chemical composition.

3. Results and discussion

3.1. Release assay and equilibrium solubility assessment

To determine the impact of the buffer on API solubility, a 24 h 
equilibrium solubility assay in blank FaSSIF, pH 6.5, was conducted. 
Crystalline equilibrium solubility of the two APIs was found to be 10.45 
µg/mL and 7.43 µg/mL for griseofulvin and nifedipine respectively. This 
was in line with solubilities reported from other groups (Plumley et al., 
2009; Ding et al., 2023). Furthermore, to evaluate the dissolution profile 
of the ASDs studied, a one-phase, non-sink, high-throughput release 
assay was carried out in blank FaSSIF (i.e., without lecithin and taur
ocholate), pH 6.5. The release kinetics of the film can play a significant 
role in drug absorption, depending on the API permeability properties. 
Therefore, understanding the maximum drug supersaturation (i.e. 
“spring” effect) and the ability to sustain such metastable drug solutions 
(i.e. “parachute” effect) represent crucial performance characteristics of 
an ASD (Guzman et al.,2007). For this study, it was not intended to link 
calculations with the spring effect due to an incomplete understanding 
of drug-dependence, whereas the precipitation inhibition appeared 
computationally more accessible as outcome of drug-excipient interac
tion. Therefore, the study focused on investigating the alignment be
tween calculations and the precipitation inhibition performance of the 
polymers. This aspect will be discussed in more detail in the following 
sections. Dissolution profiles for griseofulvin and nifedipine ASDs are 
presented in Fig. 2.

The Eudragit and HPMC AS families of polymers were expected to 
exhibit pH-dependent release owing to their respective functional 
groups. Specifically, HPMC AS LG dissolves at pH values above 5.5, 
HPMC AS MG at pH above 6, and HPMC AS HG at pH above 6.5. 
Furthermore, HPMC AS HG is the most hydrophobic of the three grades 
(Butreddy, 2022). The pH-dependent release, along with the higher 
viscosity of HPMC AS HG and its hydrophobicity, was likely responsible 
for its slower release rate compared to the other two HPMC AS polymers 
observed in Fig. 2 (Butreddy, 2022). Similarly, Eudragit E100 and L100 

Figure 1.tiff

Fig. 1. Sigma surface of griseofulvin and nifedipine with color-coded screening 
charge density from red (corresponding to high electron density) over green 
(corresponding to neutral surface charge) to blue (indicating a low electron 
density). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.)
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are also known to exhibit a pH-dependent release, with Eudragit E100 
expected to best dissolve below pH 5 (Linares et al., 2019). In our ex
periments, it dissolved within the first 5 min of the drug release test and 
maintained supersaturation throughout the entire experiment. Eudragit 
E100 has also been reported to dissolve at and above pH 6.5 also in other 
studies (Chauhan et al., 2013; Leopold and Eikeler, 1997). The latter 
also studied the dissolution behavior of dexamethasone tablets in pres
ence and absence of Eudragit E100 coating in acidic and basic media. It 
was observed that in acidic medium, drug release was initiated by 
dissolution of the polymer film, whereas in basic medium, drug release 
was due to swelling of the tablet core and consequent polymer film 
disruption (Leopold and Eikeler, 1997). In the present work, blank 
FaSSIF pH 6.5, was used for the release experiments. Although deter
mining the release mechanism was outside the scope of the study, it is 
likely that, similarly to the work presented by Leopold and coworkers, 
drug release was driven by the hydration of the polymer film. Such 
hydration and erosion of the polymer film together with drug-polymer 
interactions has often been demonstrated to govern at least the initial 
drug release from ASDs (Chen et al., 2016). Mechanistically, the inter
play of components in the evolving hydration layer is crucial. At high 
drug loading, when the limit of congruency is reached, deviations from a 
hydration-driven release are expected, leading to complex phase sepa
ration and making drug-excipient interactions particularly intricate 
(Que et al., 2021). Thus, depending on drug and polymer, drug-rich 
phases and separation have been shown experimentally to occur in the 
hydration layer, thereby greatly reducing the apparent release rates 
(Frank et al., 2022).

PVPs, HPMC E5, Soluplus, and Apinovex were expected to have a 
practically pH-independent release profile, with Soluplus being the 
slowest to release the drug (Fig. 2). Soluplus is a large, grafted copol
ymer, composed of polyethylene glycol, polyvinyl caprolactam and 

polyvinyl acetate with a molecular weight ranging from 90,000 to 
140,000 g/mol (Alopaeus, 2019). It is possible that at least the initial 
polymeric hydration of Soluplus could have been slower compared to 
other polymers of lower molecular weight such as PVP K30 (MW 40,000 
g/mol) thereby causing reduced initial release kinetics.

To compare precipitation inhibition capacity across the different 
polymers, only those that showed no precipitation and that reached at 
least 80 % dissolution were carried forward for comparison after the 
initial analysis. This corresponded to an apparent supersaturation level 
of 8.5 for griseofulvin and 11.9 for nifedipine, compared to the equi
librium solubility of the APIs in blank FaSSIF. Where, the term apparent 
supersaturation is defined as the ratio between the concentration of drug 
in the supersaturated solution according to the experimental method
ology and the thermodynamic solubility of the crystalline drug. Given 
the variety and number of polymers evaluated in this study, along with 
the differences in observed supersaturation levels, it was necessary to 
establish a defined range for comparison purposes. It is well known that 
the supersaturation level is the driving force for precipitation, resulting 
in increased nucleation and crystal growth rates (Chauhan et al., 2013). 
Thus, having comparable levels of supersaturation within the ASDs with 
the same API was key. Two drug to polymer ratios were studied and 
results can be seen in Fig. 3.

When examining the release profiles of both griseofulvin and nifed
ipine ASDs, some initial supersaturation was generally achieved as a 
spring effect (Guzman et al., 2007). Even neat amorphous API offered 
such a distinct solubility advantage for about 30 min. After 30 min the 
concentration was reduced to that close to the thermodynamic solubility 
of the compounds, also shown in Fig. 2. The required time window of 
increased supersaturation in vivo generally depends on a drug’s 
permeability and dose. Whenever sustained supersaturation is required, 
there is a need for precipitation inhibition by excipients. When 

Fig. 2. Dissolution profile of the amorphous solid dispersions, ASDs studied, in blank FaSSIF (buffer without bile salts or phospholipids), pH 6.5. 1:2 (w/w) and 1:3 
(w/w) represent the drug:polymer composition ratio of the ASD. Where curves drop to zero, the value was below the experimental detection limit of 0.05 µg/mL for 
griseofulvin and 0.5 µg/mL for nifedipine. Dotted lines correspond to the thermodynamic equilibrium solubility of the studied drugs. Dashed lines correspod to 80% 
API released from the ASDs.
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examining such precipitation inhibition capacity of the polymers tested, 
a distinction was proposed between cellulosic and non-cellulosic poly
mers, for at least the given model compounds. Our results suggested that 
the cellulosic polymers, along with Eudragit E100, were the most 
effective at maintaining high drug concentrations. They were ranked top 
for precipitation inhibition capacity for ASDs composed of both griseo
fulvin and polymer, and nifedipine and polymer. Several research 
groups have investigated the impact of cellulosic polymers on precipi
tation inhibition, emphasizing their surface-active properties (Chauhan 
et al., 2013; Gao et al., 2009; Warren et al., 2010). It has been high
lighted that HPMC-based polymers can adsorb onto the surface of 
aggregating nuclei, inhibiting crystal growth by functioning as a me
chanical barrier to nucleation (Schram et al., 2015; Gao et al., 2009; 
Warren et al., 2010; Chauhan et al., 2013; Butreddy, 2022). Drug- 
polymer interactions have also been shown to play an important role 
in maintaining high drug concentrations by slowing precipitation, as in 
the case of Eudragit E 100 (Chauhan et al., 2013; Adhiyaman and Basu, 
2006). Chauhan and colleagues studied the infrared spectrum of 
dipyridamole (DPD) precipitate in presence and absence of Eudragit 
E100 to evaluate structural changes and possible correlation to super
saturation maintenance. Spectral changes were observed on DPD in 
presence of polymer compared to DPD alone, indicating that Eudragit 
E100 delayed precipitation onset and improved supersaturation through 
API-polymer interactions (Chauhan et al., 2013). More broadly, poly
mers that exhibit strong API interactions often appear to be the most 
effective precipitation inhibitors (Chauhan et al., 2013; Warren et al., 
2010; Chavan et al., 2016).

In the present study, for ASDs containing griseofulvin, the PVP 
family of polymers and Apinovex were poorest at maintaining high drug 
concentrations. On the one hand, the PVPs exhibited a strong initial 
spring, achieving 80 % dissolution within the first 5 min, followed by a 
quick decline in concentration after 15 min; eventually reaching 

equilibrium solubility after 60 min. On the other hand, ASDs containing 
Apinovex showed both a poor spring and poor parachute effect. While 
little information is available on the polyacrylic acid excipient Apino
vex, it is a highly hydrophilic polymer, similar to PVP K30 and PVP VA. 
However, the latter have been shown to enhance initial dissolution 
performance rather than acting as precipitation inhibitors (Knopp et al., 
2016).

Regarding nifedipine, similar arguments can be made as for griseo
fulvin; the best-performing polymers in terms of precipitation inhibition 
capacity were the HPMC AS family, Eudragit E100 and HPMC E5. In 
contrast, ASDs comprising PVP K30, PVP VA and Eudragit L100 started 
precipitation within the first 15 min of the experiment, leaving these 
polymers at the bottom of the list in terms of precipitation inhibition 
performance, similar to that observed for griseofulvin. In comparison, 
Soluplus exhibited a medium supersaturation level, while Apinovex 
barely affected nifedipine with respect to drug release kinetics. Overall, 
no significant difference was observed in precipitation inhibition effect 
between the 1:2 (w/w) and 1/3 (w/w) API:polymer ratios, either for 
griseofulvin or for nifedipine ASDs. Furthermore, except for the differ
ence in supersaturation level achieved, no difference was observed in PI 
performance in the presence of the two APIs. Nifedipine ASDs reached a 
higher level of initial supersaturation than griseofulvin ASDs, despite the 
lower solubility of nifedipine. This could be explained by the crystalli
zation tendency of these APIs. Griseofulvin is a GFA (glass forming 
ability) class I compound and a fast crystallizer, while nifedipine is a 
GFA class II compound and a slower crystallizer (Baird et al., 2010; 
Alhalaweh et al., 2015). Blaabjerg and colleagues studied the super
saturation propensity and glass forming ability of compounds and pro
posed a correlation (Blaabjerg et al., 2018). Their work showed that 
drugs which are good glass formers also had the potential to supersat
urate to a high degree, whereas drugs that are modest glass formers 
would supersaturate only to a comparatively low degree. More data is 

Fig. 3. Apparent supersaturation of the studies ASDs in blank FaSSIF, pH 6.5. 1:2 (w/w) and 1:3 (w/w) represent the drug:polymer composition ratio of the ASD. 
Where curves drop to zero, the value was below the experimental detection limit of 0.05 µg/mL for griseofulvin and 0.5 µg/mL for nifedipine. Dotted lines correspond 
to 80 % drug released from the ASD. Dashed lines correspond to 80% API released from the ASDs.
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needed to support this correlation, and the situation is further compli
cated by the presence of polymers, as in this work. However, previous 
research encourages data comparison primarily on a drug-specific basis; 
and regarding in silico calculations, we considered each drug to polymer 
ratio separately.

3.2. Ranking of polymers based on COSMO-RS calculations

To obtain a stable ASD formulation, strong interactions between the 
API and polymer are generally essential (Walden et al., 2021; Zeneli 
et al., 2025). Similarly, although not the only factor, as outlined in the 
previous section, stronger API-polymer interactions often enhance su
persaturation maintenance, i.e. the parachute effect (Guzman et al., 
2007).

Therefore, knowledge of interaction strength between API and 
polymer in given media can help to identify beforehand polymers that 
could serve as effective precipitation inhibitors. Different in-silico ap
proaches can be used for this purpose. In this work, we have used API 
activity coefficient in the solution (containing ASD polymer and disso
lution media) calculated using COSMO-RS as an indicator of its affinity 
with the media. An activity coefficient accounts for deviations from 
ideal behavior, and it is greatly influenced by molecular interactions. In 
the present case, a value lower than 1 (corresponding to a negative 
natural logarithm) indicates favorable (attractive) interactions between 
the API and its environment, whereas a value higher than 1 (corre
sponding to a positive natural logarithm) reflects repulsive interactions, 
typically considered undesirable in this context.

For modeling purposes, the API-polymer ratio was kept constant, 
while the ASD content in water varied between 1 and 50 % weight. 
Simultaneously, the water content was decreased from 99 to 50 % 
weight (Table 1).

It was thereby possible to investigate how changes in water and ASD 
content may affect interaction strength and ranking of polymers in terms 
of their effectiveness as precipitation inhibitors. Note that the computed 
percentage of ASD in solution was only used as a model. Along with 
changes in water quantity as a function of ASD percentage, it was a 
possible modeling approach to investigate how dilution could affect 
interaction between API and polymer, and consequently supersaturation 
maintenance. Realistic concentrations would result in an inability to 
detect the interactions due to elevated dilution. COSMO-RS calculation 
results are presented in Fig. 4.

Table 2 also shows drug activity coefficients for 1 % (w/w) of ASD 
and 50 % (w/w) ASD content relative to aqueous release medium. The 
ranking of polymers in the table, from top to bottom, is in order of an 
increasing activity coefficient suggesting changes towards decreasing 
interaction strength. Fig. 4 shows that an increase in ASD content, and 
consequently a decrease in water, resulted in a fall in the calculated drug 
activity coefficient and therefore an assumed increased interaction 
strength. This general trend showed the hydrophobic nature of the APIs 

tested, but also that water can disrupt the binary intermolecular in
teractions between API and polymer within the limits tested, thus 
leading to a drug not sufficiently protected by the polymer, which may 
then favor drug nucleation and crystal growth (Wyttenbach et al., 2013).

Despite an overall decrease in drug activity coefficient with 
increasing water content, the polymer ranking was essentially unaf
fected by ASD fraction in solution as seen in Table 2. The only change 
was observed with a switch in position between Apinovex and Eudragit 
L100 for the ASD comprising Nifedipine and polymer in a 1:2 ratio. 
Considering the similarity of calculated activity coefficients and the 
change by only one position, this could be a bias of the calculations.

3.3. Comparison between in and vitro results and in-silico ranking

One of the objectives of this study was to compare the experimental 
results with the polymer ranking derived from the computational 
COSMO-RS calculations. As mentioned earlier, this work was part of a 
broader screening approach, where physical stability was considered 
separately (Zeneli et al., 2025). From that perspective, there were two 
aims: to choose a polymer that was a good precipitation inhibitor, 
depending on API characteristics; secondly, to pre-select several suitable 
polymers to facilitate a choice of a suitable carrier that met most quality 
attributes required of the drug product. This list of attributes beyond 
drug release may differ from early formulations to final product; it in
cludes physical stability, processability, manufacturability and other 
project-specific criteria. Meeting all the prerequisites and conducting 
the required testing within set deadlines and with limited API avail
ability can be very challenging, despite the use of high-throughput 
screening methods. The challenge of rational excipient selection 
within ASD development timelines is key to the limited number of solid 
dispersions that reach the market (Walden et al., 2021). In this space, 
computational tools are gaining increasing attention as a complement to 
in vitro work and bridging knowledge gaps to support drug develop
ment. In the present work, the ranking obtained from the COSMO-RS 
calculations was compared to the experimentally observed precipita
tion inhibitory efficiency of the polymers. Assuming good alignment 
between computational and experimental data, future work could be 
limited to computational work to obtain an initial preselection of 
polymers. Therefore, the ranking obtained by COSMO-RS may be used 
as groundwork to narrow the list of polymers to be experimentally 
evaluated in the following steps. For this purpose, first the ASD release 
profiles, and PI-functionality of the polymers were assessed. As previ
ously explained, only polymers that resulted in at least 80 % API release 
from the ASD were selected, in order to have comparable levels of su
persaturation within ASDs with the same API. The polymers that showed 
no precipitation throughout the experiment were classified as precipi
tation inhibition-functional (PI-functional), indicating that these poly
mers effectively sustained supersaturation during the entire experiment. 
Secondly, the ASDs were ranked in order of increasing drug activity 

Table 1 
ASD, API, polymer and water content used for modeling purposes. API and polymer content together constitute the ASD amount finally present in water. The weight 
fraction (w) of the ternary sytem (API, polymer and water) add up to 1 (or 100%).

(1:2 w/w) API:Polymer (1:3 w/w) API:Polymer

ASD (w) in water API (w) Polymer (w) Water (w) ASD w in water API (w) Polymer (w) Water (w)

0.01 0.0033 0.0066 0.99 0.01 0.0025 0.0075 0.99
0.05 0.0166 0.0333 0.95 0.05 0.0125 0.0375 0.95
0.10 0.0333 0.0666 0.90 0.10 0.0250 0.0750 0.90
0.15 0.0500 0.1000 0.85 0.15 0.0375 0.1125 0.85
0.20 0.0666 0.1333 0.80 0.20 0.0500 0.1500 0.80
0.25 0.0833 0.1666 0.75 0.25 0.0625 0.1875 0.75
0.30 0.1000 0.2000 0.70 0.30 0.0750 0.2250 0.70
0.35 0.1166 0.2333 0.65 0.35 0.0875 0.2625 0.65
0.40 0.1333 0.2666 0.60 0.40 0.1000 0.3000 0.60
0.45 0.1500 0.3000 0.55 0.45 0.1125 0.3375 0.55
0.50 0.1666 0.3333 0.50 0.50 0.1250 0.3750 0.50
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coefficient, calculated by COSMO-RS. The results are presented in 
Tables 3a and 3b.

Assuming that a stronger drug-polymer interaction would align with 
efficient precipitation inhibition, one would expect all ASDs presenting a 
low activity coefficient also to show sustained supersaturation profiles. 
In contrast, ASDs with high activity coefficients, in the bottom part of 
the table, are likely to exhibit precipitation. This alignment expectation 
is shown in the last column of Tables 3a and 3b. If the polymer was found 
to be a good PI experimentally, and this was supported by the COSMO- 
RS calculations (i.e. it had a low activity coefficient), good alignment 
between experiments and calculations was assumed.

Despite none of the system shows negative ln (γAPI), it is possible to 
provide a qualitative ranking. A natural separation is evident between 
the polymers in the upper and lower parts of the table, where the first 
polymer to exhibit precipitation acts as a dividing line between the two 
groups. Accordingly, ln (γAPI) for the systems above Apinovex should be 
lower, than for the ones below it. For example, for Griseofulvin ASDs the 
first polymer to exhibit precipitation is Apinovex at both the 1:2 w/w 
and 1:3 w/w API:polymer ratios. It can be seen that the COSMO-RS 
rankings largely aligned with the polymer PI-functionality observed 
during the release experiments, in that ln (γAPI) of the API for the ASD 
systems above Apinovex was lower, and therefore sustained precipita
tion efficiently, while the ones with a higher ln (γAPI), below Apinovex in 
the Table 3a, exhibited precipitation. Alignment between experimental 
and computational data was observed in 84 % of the cases for griseo
fulvin and 87 % of the cases for nifedipine; only a small number of 
polymers deviated from the COSMO-RS ranking. This strong alignment 
supported the approach to compare in silico and experimental results in 

a drug-specific way, separated for given drug to polymer ratios. Cases 
where the COSMO-RS calculations did not align with observed PI- 
functionality in the release experiments can be accounted for by 
different mechanisms. Firstly, it should be considered that COSMO-RS is 
a thermodynamic model, which does not directly account for kinetic 
effects exerted by the polymer. Nevertheless, calculated activity co
efficients are likely related to those kinetic effects that are affected by 
molecular drug-polymer interactions. However, ASD dissolution is a 
very complex process. A simple evaluation of drug-polymer interaction 
strength may sometimes be insufficient—even in a solvent-shift PI 
experiment with predissolved drug and polymer—to fully explain the 
data. Despite of such simplification, a previous study found at least a 
ranking correlation between binary drug-excipient excess enthalpy 
calculations and PI performance (Price et al., 2019). Release kinetics of 
solvent-cased ASDs is considerably more complex, owing to the forma
tion of a hydration layer where drug-rich phases may occur with non- 
crystalline and/or crystalline drug separation (Ricarte et al., 2019). 
Moreover, the crystallization tendency of the API itself (i.e., its glass 
forming ability) has been shown to affect ASD release profiles greatly 
(Blaabjerg et al., 2018). These drug-specific effects in the hydration 
layer were shown to influence both release kinetics and supersaturation 
behavior (Li and Taylor, 2019; Ricarte et al., 2019). Another mechanism 
is that nanoaggregates may form due to interactions between dissolution 
medium components or from the aggregation of polymeric chains. These 
aggregated polymer chains can create a micellar corona that interacts 
non-covalently with the drug, preventing precipitation and acting as a 
reservoir to help sustain supersaturation levels (Li et al., 2018; Ricarte 
et al., 2019). High drug concentrations in the hydration layer or bulk can 

Fig. 4. Changes in activity coefficient/interaction strength as a consequence of increasing ASD present in solution.
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Table 2 
Ranking of ASDs based on the calculated (COSMO-RS) drug activity coefficient (ln γAPI) for 1% (w/w) and 50% (w/w) ASD content in solution to reflect different stages 
of formulation dilution/dispersion. ASDs are ranked in order of decreasing interaction strength.

Griseofulvin

1/2 ASD 1/3 ASD

1 % ASD in solution ln (γAPI) 50 % ASD in solution ln (γAPI) 1 % ASD in solution ln (γAPI) 50 % ASD in solution ln (γAPI)

Eudragit E100 4.714 Eudragit E100 1.857 Eudragit E100 4.715 Eudragit E100 1.926
HPMC AS HG 4.727 HPMC AS HG 2.195 HPMC AS HG 4.73 HPMC AS HG 2.307
HPMC AS MG 4.728 HPMC AS MG 2.228 HPMC AS MG 4.731 HPMC AS MG 2.344
HPMC AS LG 4.729 HPMC AS LG 2.254 HPMC AS LG 4.732 HPMC AS LG 2.374

Apinovex 4.735 Apinovex 2.358 Apinovex 4.738 Apinovex 2.433
Eudragit L100 4.738 Eudragit L100 2.504 PVP K30 4.748 PVP K30 3.206

PVP K30 4.744 PVP K30 3.008 HPMC E5 4.755 HPMC E5 3.28
HPMC E5 4.75 HPMC E5 3.067 Soluplus 4.772 Soluplus 3.621
Soluplus 4.765 Soluplus 3.417 PVP VA 64 4.855 PVP VA 64 5.142

PVP VA 64 4.838 PVP VA 64 4.862 Eudragit L100 4.855 Eudragit L100 5.142

Nifedipine

1/2 ASD 1/3 ASD

1 % ASD in solution ln (γAPI) 50 % ASD in solution ln (γAPI) 1 % ASD in solution ln (γAPI) 50 % ASD in solution ln (γAPI)

Eudragit E100 2.855 Eudragit E100 1.185 Eudragit E100 2.855 Eudragit E100 1.21
HPMC AS HG 2.863 HPMC AS HG 1.439 HPMC AS HG 2.864 HPMC AS HG 1.477
HPMC AS MG 2.864 HPMC AS MG 1.491 HPMC AS MG 2.865 HPMC AS MG 1.537
HPMC AS LG 2.865 HPMC AS LG 1.533 HPMC AS LG 2.866 HPMC AS LG 1.586

PVP K30 2.878 PVP K30 2.011 PVP K30 2.88 PVP K30 2.107
Apinovex 2.884 Eudragit L100 2.093 Apinovex 2.888 Eudragit L100 2.22

Eudragit L100 2.887 Apinovex 2.142 Eudragit L100 2.89 Apinovex 2.245
HPMC E5 2.894 HPMC E5 2.549 HPMC E5 2.899 HPMC E5 2.746
Soluplus 2.917 Soluplus 2.884 Soluplus 2.924 Soluplus 3.073

PVP VA 64 3.013 PVP VA 64 4.664 PVP VA 64 3.033 PVP VA 64 4.965

Table 3a 
Calculated drug activity coefficient (ln (γAPI)) in the studied ASDs containing 
griseofulvin and alignment to polymer precipitation inhibition (PI-functionality 
observed during dissolution experiments.

Griseofulvin:polymer (1:2 w/w)

Ranking Polymer ln 
(γAPI)

PI- 
FunctionalY/N

Experiment/COSMO-RS 
alignment?Y/N

1 Eudragit 
E100

4.713 Y Y

2 HPMC AS 
HG

4.727 Y Y

3 HPMC AS 
MG

4.728 Y Y

4 HPMC AS 
LG

4.728 Y Y

5 Apinovex 4.734 N Y
6 Eudragit 

L100
4.738 N Y

7 PVP K30 4.743 N Y
8 HPMC E5 4.749 Y N
9 Soluplus 4.764 Y N
10 PVP VA 64 4.838 N Y

Griseofulvin:polymer (1:3 w/w)

1 Eudragit 
E100

4.715 Y Y

2 HPMC AS 
HG

4.73 Y Y

3 HPMC AS 
MG

4.731 Y Y

4 HPMC AS 
LG

4.732 Y Y

5 Apinovex 4.738 N Y
6 PVP K30 4.748 N Y
7 HPMC E5 4.755 Y N
8 Soluplus 4.772 Y N
9 PVP VA 64 4.855 N Y

Table 3b 
Calculated drug activity coefficient (ln (γAPI)) in the studied ASDs containing 
nifedipine and alignment to polymer precipitation inhibition (PI-functionality 
observed during dissolution experiments.

Nifedipine:polymer (1:2 w/w)

Ranking Polymer ln 
(γAPI)

PI-Functional 
Y/N

Experiment/COSMO-RS 
alignment? Y/N

1 Eudragit 
E100

2.855 Y Y

2 HPMC AS 
HG

2.863 Y Y

3 HPMC AS 
MG

2.864 Y Y

4 HPMC AS 
LG

2.865 Y Y

5 PVP K30 2.878 N Y
6 Eudragit 

L100
2.887 N Y

7 HPMC E5 2.894 Y N
8 PVP VA 64 3.013 N Y

Nifedipine:polymer (1:3 w/w)

1 Eudragit 
E100

2.855 Y N

2 HPMC AS 
HG

2.864 Y Y

3 HPMC AS 
MG

2.865 Y Y

4 HPMC AS 
LG

2.866 Y Y

5 PVP K30 2.88 N Y
6 Eudragit 

L100
2.89 N N

7 HPMC E5 2.899 Y N
8 PVP VA 64 3.033 N Y
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exceed that of the amorphous solubility leading to a liquid–liquid phase 
separation (LLPS) (Indulkar et al., 2015). This process can cause the 
drug-rich phase that is particularly observed in the hydration layer. This 
drug rich phase can also act as a reservoir to maintain supersaturation 
(Indulkar et al., 2016). Any supramolecular effects between drug and 
polymer in the bulk phase pose a challenge for thermodynamic 
modeling. Thus, effects such as nesting of the drug within coiled polymer 
chains cannot be captured at present by the COSMO-RS model, but 
would influence the experimentally observed supersaturation mainte
nance. Such supramolecular and other colloidal effects can be observed 
with molecular simulations (Zeneli et al., 2024). However, these full- 
atomistic simulations are very time-consuming at larger scales, mak
ing coarse-grained (CG) modeling a necessity. Such a CG simulation 
approach has recently been combined with thermodynamic modeling to 
describe the hydration layer of ASDs (Walter et al., 2024), although this 
modeling research is still at an early stage and therefore, at least for now, 
less useful for early screening purposes. Given the complexity of the ASD 
release mechanisms, the calculated drug activity coefficients by means 
of COSMO-RS theory and the ranking of the experimentally observed 
release curves, were deemed to be in fairly good agreement. This makes 
the proposed combined in vitro-in silico approach a viable option for 
early ASD screening.

4. Conclusions

ASDs of two different APIs in the presence of ten pharmaceutically 
relevant polymers, at different ratios, were investigated for their release 
and supersaturation maintenance performance. The experimental re
sults were compared to drug activity coefficient calculations obtained by 
COSMO-RS theory. The calculations were in very good alignment with 
the PI-functionality of the polymers. Alignment between experimental 
and computational data was observed in 84 % of the cases for griseo
fulvin and 87 % of the cases for nifedipine. For the ASDs that deviated 
from the alignment with the computed drug activity coefficients, com
plex ASD dissolution behavior and the hydration dynamics of the gel 
layer may be the leading cause. Important to note is therefore that the 
simplifying view on computed activity coefficients based on COSMO-RS 
theory has at least for now limitations when more complex kinetic ef
fects of mesoscopic structuring occur in the process of drug release from 
ASDs. Additionally, the crystallization tendency of the API itself can 
greatly affect release ASD profiles and consequently the potential for PI- 
performance is drug-specific. While more experiments would corrobo
rate with the proposed screening strategy, the present study, together 
with previous work on the physical instability performance of ASDs, 
provides insights and proposes an initial computational approach to aid 
excipient selection based on the drug activity coefficient obtained from 
COSMO-RS. This strategy accelerates the pre-formulation screening 
processes targeted at excipient selection by relying on computational 
and automated miniaturized experiments.

CRediT authorship contribution statement

Egis Zeneli: Writing – review & editing, Writing – original draft, 
Investigation, Formal analysis, Data curation, Conceptualization. Hugo 
Bohets: Supervision, Methodology, Conceptualization. Frédéric Ngono 
Mebenga: Supervision, Methodology, Conceptualization. Christophe 
Tistaert: Supervision, Conceptualization. René Holm: Writing – review 
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