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A B S T R A C T   

Despite the widespread use of polymers as precipitation inhibitors in supersaturating drug formulations, the 
current understanding of their mechanisms of action is still incomplete. Specifically, the role of hydrophobic drug 
interactions with polymers by considering possible supramolecular conformations in aqueous dispersion is an 
interesting topic. Accordingly, this study investigated the tendency of polymers to create hydrophobic domains, 
where lipophilic compounds may nest to support drug solubilisation and supersaturation. Fluorescence spec
troscopy with the environment-sensitive probe pyrene was compared with atomistic molecular dynamics sim
ulations of the model drug fenofibrate (FENO). Subsequently, kinetic drug supersaturation and thermodynamic 
solubility experiments were conducted. As a result, the different polymers showed hydrophobic domain for
mation to a varying degree and the molecular simulations supported interpretation of fluorescence spectroscopy 
data. Molecular insights were gained into the conformational structure of how the polymers interacted with 
FENO in solution phase, which apart from nucleation and crystal growth effects, determined drug concentrations 
in solution. Notable was that even at the lowest polymer concentration of 0.01 %, w/v, there were polymer- 
specific solubilisation effects of FENO observed and the resulting reduction in apparent drug supersaturation 
provided relevant knowledge both from a mechanistic and practical perspective.   

1. Introduction 

It is well known that poor water solubility poses a major obstacle to 
the industrial drug development pipeline. The number of poorly soluble 
compounds in drug discovery continuously increases, but even more 
concerning is that the extent of insolubility has worsened over the years 
(Taylor and Zhang, 2016). Thirty years ago an equilibrium solubility of 
100 μg/mL would have been considered a concern, whereas today’s 
scientists are often confronted with compounds having an equilibrium 
solubility in the nanogram range (Taylor and Zhang, 2016). Various 
formulation approaches have been used over the years to improve the 
apparent solubility of drug candidates, including the development of 
nanosuspensions, lipid-based formulations, and solid dispersions (Tres 
et al., 2018; Warren et al., 2010). For several compounds, dissolution 
enhancement alone may not be sufficient to cope with erratic drug ab
sorption, hence an increase of the apparent drug solubility is often tar
geted (Boyd et al., 2019). In supersaturated drug delivery systems 

(SDDSs), the active ingredient is in a high energy form, which allows for 
intraluminal concentrations greater than the equilibrium solubility and 
hence a potential for better intestinal absorption (Boyd et al., 2019; 
Sharma and Jain, 2010). However, SDDSs and other supersaturatable 
formulations come with the challenge that unstable drug concentrations 
may not only drive permeation but have potential to cause luminal 
nucleation and growth (Chavan et al., 2016; Warren et al., 2010). The 
most frequently used approach to maintain drug supersaturation is the 
use of precipitation inhibitors such as surfactants, cyclodextrins, or 
polymers. Amidst these, the use of polymers is the most common choice 
(Boyd et al., 2019). These polymeric precipitation inhibitors (PPIs) can 
either interfere with drug precipitation by direct interactions in the so
lution phase or by adsorption of the polymer onto the surface of nuclei 
and crystals to inhibit their growth (Feng et al., 2018; Price et al., 2019). 
Polymers such as polyvinylpyrrolidone (PVP) or hydroxypropyl meth
ylcellulose (HPMC) have demonstrated to efficiently maintain drug su
persaturation (Chavan et al., 2016). However, it seems that 
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supersaturation maintenance is greatly variable, depending on the 
studied drug (Chavan et al., 2016). Despite the widespread use of 
polymers as precipitation inhibitors, there are still mechanistic aspects 
that require further investigation. A general aspect of different mecha
nisms in the solution phase or on the surface of nuclei and crystals is that 
relevant drug-polymer interactions must be formed to obtain a suitable 
PPI (Aleandri et al., 2018). Understanding molecular interactions be
tween drug and polymer is of great importance to clarify their precipi
tation inhibition capacity. Although this has been the subject of several 
studies, the three-dimensional conformations of PPIs in solution phase, 
which can form hydrophobic domains for drugs to interact, is an 
underexplored field of research. Moreover, pharmaceutical scientists 
have focused traditionally on ionic interactions or hydrogen bonding, 
but there is in recent years a growing awareness that hydrophobic drug 
interactions with PPIs can be highly relevant (Zhao et al., 2023). Though 
hydrophobic interactions are typically much weaker than electrostatic 
interactions or hydrogen bonding per contact point, the long-range Van 
der Waals forces may come in a high number of contacts leading to a 
considerable net interaction between molecules (Meyer et al., 2006). 
Hydrophobic interactions prove to be a challenging topic, due to the 
difficulty of providing unambiguous contribution of hydrophobicity to 
the overall molecular interactions (Ditzinger et al., 2019; Ducker and 
Mastropietro, 2016). An example is a study on the dissolution behavior 
of FENO from solid dispersions (SDs) in the presence of polyethylene 
glycol (PEG) 20,000 and/or PVP K30 (Vimalson et al., 2018). The au
thors stated that despite the improved dissolution profile of FENO in the 
presence of PVP K30, no interaction between drug and excipient was 
observed by Fourier-transform infrared spectroscopy (FTIR) (Vimalson 
et al., 2018). Another study on SDs of dipyridamole also employed 
vibrational spectroscopy and stated that no interaction between dipyr
idamole and PVP K90 could be detected although there was a stabilizing 
effect in the SD and a precipitation inhibiting effect of the polymer 
evidenced (Chauhan et al., 2013). However, it must be noted that FTIR 
detects peak shifts of excipient-drug mixtures only in the case of strong 
dipole-mediated interactions, such as hydrogen bonding, leaving hy
drophobic molecular interactions practically indetectable. Therefore, 
assessment of molecular interactions should not be solely based on FTIR, 
which is currently often the case for interaction assays of solid disper
sions that are used in the pharmaceutical industry (Wyttenbach et al., 
2013). 

Unlike FTIR, nuclear magnetic resonance (NMR) methods provide 
the means to study hydrophobic interactions, which has been used in 
recent years to study the effect of polymers to sustain drug supersatu
ration (Ueda et al., 2013; Ueda et al., 2015; Adhikari and Polli., 2020). 
Moreover, using different grades of hydroxypropyl methylcellulose ac
etate succinate, and drugs with varying partition coefficient, the authors 
of a recent study mentioned the importance of hydrophobic drug in
teractions regarding precipitation inhibition from supersaturated solu
tions (Sarabu et al., 2020). 

Interesting is a recent work on fluorescence quenching with Stern- 
Volmer equation analysis to investigate solid dispersions in an 
aqueous environment. It was reported that depending on the polymer, a 
fraction of drug appeared to be buried by polymer chains as it was not 
accessible by the quenching molecule (Aleandri et al., 2018). This is 
interesting supramolecular information because some polymers were 
evidently capable of forming hydrophobic pockets (or domains) in 
which numerous Van der Waals forces can interact with a hydrophobic 
drug. 

This was in line with other recent work of 1H NMR to investigate the 
interactions of Eudragit EPO with a series of acidic drugs where hy
drophobic interactions were reported with polymer side chains as an 
explanation of the different polymer binding and drug solubilisation 
observed (Saal et al., 2017). Finally, work on hydroxypropyl cellulose 
(HPC) to function as a drug precipitation inhibitor suggested that 
three-dimensional conformations of potentially aggregated polymer 
chains affected drug solubilisation and precipitation inhibition behavior 

(Niederquell et al., 2022). 
A better understanding of hydrophobic domain formation in com

mon PPIs is of mechanistic interest and it has practical importance 
especially during the early stages of drug formulation development 
when different PPIs are screened experimentally for their ability to 
sustain drug supersaturation. It is hereby a common assumption that at a 
low concentration of about less than 0.1 % (w/v), a PPI would only act 
via kinetic effects on maintaining drug supersaturation, whereas a drug 
solubilising effect can be neglected. However, it is unclear if this is truly 
the case for a very lipophilic compound like fenofibrate (FENO). 

To the best of our knowledge, the present work is the first to combine 
fluorescence spectroscopy with molecular dynamics (MD) simulations to 
study hydrophobic domain formation of different PPIs in aqueous so
lution using FENO as model drug. Fluorescence spectroscopy with pyr
ene has been used before to characterize the critical micelle 
concentration of excipients, while in the field of drug supersaturation, 
the method had previously the aim to identify the onset of a liquid-liquid 
phase separation from solid dispersions when pyrene can partition into 
droplets of drug (Ilevbare and Taylor., 2013). However, the current 
study uses this environment-sensitive molecule differently to probe the 
supramolecular hydrophobic domain formation of PPIs, which is com
plemented by full atomistic MD simulations. A final aim was to better 
understand how hydrophobic domains of typical PPIs would relate to 
excipient performance regarding kinetic precipitation effects and ther
modynamic drug solubilisation at low polymer concentrations. 

2. Materials and methods 

2.1. Materials 

Pyrene, FENO, PVP K30, PVP-VA, and PEG 20,000 were purchased 
from Sigma Aldrich (Buchs, Switzerland) while Soluplus and Poloxamer 
188 were obtained from BASF (Ludwigshafen, Germany). HPMC-603 
was obtained from Shin-Etsu Chemical Co. (Tokyo, Japan) and aceto
nitrile was sourced from Sigma Aldrich (LiChrosolv; gradient grade for 
liquid chromatography, Supelco, Sigma-Aldrich). Purified water was 
taken from the MilliQ Millipore filter system (Millipore Co., Bedford, 
MA, USA). The different chemical structures of the model drug, fluo
rescent probe, and polymeric excipients are displayed in Fig. 1. 

2.2. Fluorescence spectroscopy 

The ability of polymers to form hydrophobic pockets was investi
gated using the environment- sensitive, fluorescent probe, pyrene. The 
emission spectrum of pyrene was obtained by excitation at 334 nm and 
measured at room temperature using Agilent Technologies Cary Eclipse 
fluorescence spectrometer and emission spectra were recorded between 
360 and 500 nm with a scanning speed of 240 nm/s. Excitation and 
emission slit widths were set at 5 nm and 1.5 nm, respectively. The ratio 
of emission intensities at 374 and 386 nm (I1/I3) was measured in 
different polymer solutions at concentrations between 0.01 and 1 % (w/ 
v), and a pyrene concentration of 40 ng/mL. 

2.3. Non-sink supersaturation - solvent shift method 

To assess the effectiveness of the polymeric precipitation inhibitors, 
supersaturation kinetics of FENO were studied in solvent shift experi
ments. An amount of FENO stock solution in DMSO, necessary to 
generate a tenfold supersaturation, was added to 50 mL of 0.01 % (w/v) 
polymer solutions in water. The samples were shaken at 220 rpm and 37 
◦C in a shaking incubator (Edmund Bühler TH15, Germany) and 
sampled at different time points. FENO concentrations over time were 
then measured by high performance liquid chromatography (HPLC) as 
described in the following section. 
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2.4. HPLC quantification of FENO from kinetic concentrations 

HPLC was used for quantification of FENO in the different super
saturated polymer solutions. Analysis was performed using an Agilent 
Technologies HPLC, 1200 series and Zorbax Eclipse Plus reverse-phase 
C18 column (2.1 × 150 mm, 5 μm). The column was maintained at 25 
◦C. The injection volume was 20 µL and UV absorbance was monitored 
at 286 nm. Mobile phase was composed of 100 % acetonitrile (A) and 
water (B), respectively. The flow rate of the instrument was set to 1 mL/ 
min with a run time of 7 min per injection. For 5 min the composition of 
the mobile phase was set at 70 % solvent A and 30 % solvent B. This was 
followed by a linear increase of solvent A for 30 s to 90 % acetonitrile 
and a gradual return to 70 % acetonitrile at 7 min. Finally, apparent 
supersaturation values were calculated from the ratio of kinetic con
centrations divided by the respective equilibrium solubility (where the 
latter values were obtained as described in the following Section 2.5). 

2.5. Miniaturised equilibrium solubility assay 

The solubility of FENO was measured in aqueous solutions contain
ing 0, 0.01, 0.05, 0.1, 0.25, 0.5 and 1 % (w/v) polymer. Polymer solu
tions were prepared by dissolving the adequate amount of excipient in 
water, stirring for 24 h and diluting appropriately if necessary. 

Solubility measurements were conducted according to a slightly 
modified version of a method previously described by Wyttenbach and 
co-workers (Wyttenbach et al., 2007). Parylene coated stirring bars (VP 

711D, 1.98 mm diameter, 4.80 mm length) and subsequently drug 
substance were volumetrically dispensed into a 96-well plate (Micro
plate 96/F-PP; white border; Eppendorf AG) through a manual powder 
dispenser for 96-well plates. 200 μL of aqueous polymer solutions were 
pipetted into each well, followed by a 24 h equilibration step by 
head-over-head rotation (Reax 2; Heidolph) at 37 ◦C where each well 
was sealed with pre-split seals (SepraSeal™; Thermo Scientific). After 
equilibration, drug-polymer suspensions were transferred to a 96-well 
filter plate (MultiScreen®, Merck Millipore; MSSLBC10; poly
vinylidene fluoride) and separated from excess solid by centrifugation 
into a 96-well plate (twin.tec PCR plate 96; skirted; Eppendorf AG). 
Filtrates were diluted appropriately with acetonitrile:water mixture 
(50:50, v/v) using a Gilson positive displacement pipette to enable 
quantification via Ultra Performance Liquid Chromatography (UPLC). 
Samples were separated on an Acquity UPLC BEH C18 column (2.1 × 50 
mm, 1.7 μm particle size) from Waters™ fitted with a 2996 Photodiode 
Array Detector. The mobile phase was composed of 0.01 % (v/v) formic 
acid in water (A) and acetonitrile (B), respectively. The flow rate of the 
instrument was set to 0.75 mL/min with a run time of 1.2 min per in
jection. For 0.3 min, the composition of the mobile phase was kept 
constant by applying an isocratic flow of 40 % solvent A and 60 % sol
vent B followed by a linear increase of solvent B for 0.5 min up to 100 %. 
FENO was detected at a wavelength of 286 nm. Residual solid-state 
analysis by X-ray powder diffraction did not suggest a 
solvent-mediated phase change. Following these experiments in tripli
cates, possible outlier samples of HPMC were repeated in a second set of 
solubility trials for confirmation with again n = 3 on a 10 mL scale, while 
using the same equilibration as stated above. 

2.6. Molecular modeling 

MD simulations were based on the YASARA software v. 20.12.24 
(YASARA Biosciences GmbH, Vienna, Austria) (Krieger and Vriend, 
2015). Calculations on central processing units (CPUs) were com
plemented by determination of Van der Waals and real-space Coulomb 
forces by use of graphics processing units (GPUs) (Krieger and Vriend, 
2015). A general AMBER force field, GAFF2 was employed, wherein 
atomic charges were based on semi-empirical quantum chemical cal
culations (AM1BCC) (Jakalian et al., 2002; Wang et al., 2004). All 
molecules were energy-minimised before they were placed within a 
simulation box that was then filled with water (TIP3P model) so that the 
system was of the order of 100 000 – 130 000 atoms (Jorgensen et al., 
1983). 

To model the different polymeric excipients, simplified chemical 
structures were selected. Thus, polyvinyl pyrrolidone (PVP K30) was 
modeled with n = 80 monomers by keeping tacticities of adjacent pairs 
of monomers close to a random distribution in line with the literature 
(Xiang and Anderson, 2005). The corresponding vinyl acetate 
co-polymer, PVP-VA, was modeled as a random co-polymer with a total 
of n = 80 units while PEG 20,000 was represented by n = 75 units in the 
polymer. Poloxamer 188 was in the simulations represented by a simpler 
structure that corresponded to the grade poloxamer 185 and hydrox
ypropyl methyl cellulose (HPMC), which was modeled with n = 40 units 
with substitution patterns according to the literature (Ueda et al., 2014). 
Finally, Soluplus, which is a polymeric surfactant having a polyethylene 
glycol backbone grafted with a copolymerised polyvinyl 
caprolactam-polyvinyl acetate side chain was modelled with a simpli
fied structure with shorter backbone and side chains of n = 60 mono
meric units (Mateos et al., 2022). Based on the amphiphilic nature of 
Soluplus and Poloxamer 188, an aggregation to polymeric micelles was 
expected and therefore, 20 molecules were placed in the initial simu
lation box. This opposed to the other polymers for which the simulation 
box was smaller with only five polymeric excipients but in all cases, 
every simplified polymeric excipient was matched with a molecule of 
FENO for modeling purpose. 

The simulations made use of periodic boundary conditions. 

Fig. 1. Chemical structures of the model drug fenofibrate, the fluorescent probe 
pyrene, and the different polymeric precipitation inhibitors. 
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Following the steepest decent and simulated annealing minimizations to 
remove clashes, the main simulation was run for 20 ns at 310 K. Equa
tions of motion were integrated with a 2 × 1 fs timestep as an 
isothermal-isobaric (NTP) ensemble where the pressure control was 
achieved by rescaling the simulation cell along the x-, y-, and z-axis to 
reach a constant pressure of 1 bar. A cutoff value of 8 Å was selected for 
the Van der Waals forces and the particle mesh Ewald algorithm was 
applied to electrostatic forces (Essmann et al., 1995). Finally, energy 
calculations were made based on means of ten snapshot calculations 
during 200 ps following the main simulation runs. 

2.7. Statistical data analysis 

Statistical data evaluation was based on Statgraphics Centurion 18th 
Professional edition (v. 18.1.06) from Statgraphics Technologies Inc. 
(Warrenton, USA). Analysis of variance (ANOVA) used p-values for the 
assumption of the null hypothesis to be true. Low p-values of < 0.05 
were considered as significant evidence to reject the null hypothesis. 
Post-hoc comparison between groups was conducted using Tukey’s 
honestly significant difference (HSD) at the 95 % significance level. 

3. Results and discussion 

3.1. Experimental ability of the polymers to form hydrophobic domains 

Six pharmaceutically relevant polymers were selected for investiga
tion of their ability to form hydrophobic microenvironments using 
fluorescence analysis. The environment-sensitive probe pyrene was used 
for this purpose. A polarity change in the environment surrounding 
pyrene results in a shift of its absorption peaks at 374 nm (I1) and 386 
nm (I3). The ratio of the fluorescence intensities, at these wavelengths, 
also called the hydrophobic index or I1/I3 ratio, was used to study the 
polymers’ ability to form hydrophobic domains (i.e. microenviron
ments), where hydrophobic drugs, similarly to pyrene, may nest. Fig. 2 
shows that all polymers resulted in decreased I1/I3 ratio values when 
compared to a blank reference with just pyrene in water. These changes 

showed interestingly a clear concentration dependence only in the case 
of PVP K30, PVP-VA and Soluplus. 

The most pronounced decrease in I1/I3 ratio was observed for PVP 
K30 together with Soluplus, although only the latter is an amphiphilic 
micelle-forming polymer. However, this was explained by the known 
high flexibility of PVPs, whose structure can easily transition from a coil 
to a more globule-like structure depending on the balance of attractive 
and repulsive forces between polymer chains (Voronova et al., 2018). 
Given high polymer flexibility, multiple small loops can be formed to 
offer a microenvironment where hydrophobic compounds can be 
embedded. The obtained decreases in I1/I3 values in case of PVP indi
cated that such hydrophobic domain formation was even comparable to 
that of a micelle-forming excipient such as Soluplus. 

While pyrene was expected to partition into the hydrophobic core of 
polymeric micelles formed by Soluplus, it was an interesting finding that 
I1/I3 decreased less for Poloxamer 188, although the latter excipient has 
an amphiphilic structure too and can form polymeric micelles as well. 
However, Soluplus is significantly more lipophilic than Poloxamer 188 
because the former is composed of vinylcaprolactam and vinylacetate, 
whereas the latter has a higher percentage of the hydrophilic poly
ethylene oxide blocks (Russo and Villa, 2019; Voronova et al., 2018). 
The degree of lipophilic components in the polymer would then define 
the hydrophobicity of microenvironments forming upon aqueous 
dispersion. Thus, the observed I1/I3 decreases of pyrene solutions with 
excipient as compared to the blank pyrene reference were not only 
determined by the extent of PPI domain formation but also by their 
polarity as both factors drive partitioning of pyrene. 

Furthermore, the critical micellar concentration, CMC, of Soluplus 
was reported to be clearly lower than that of Poloxamer 188 (0.5 mg/mL 
versus 4.1 mg/mL, at 37 ◦C) (Alopaeus et al., 2019). It should be noted 
that hydrophobic pocket formation was studied at room temperature but 
since CMC typically decreases monotonically with increasing tempera
ture (Kroll et al., 2022), the CMC of both polymers was expected to 
slightly increase at 25 ◦C but would still result in a relatively lower CMC 
value for Soluplus compared to Poloxamer. Therefore, given the rela
tively higher lipophilicity and lower CMC of Soluplus, it is 

Fig. 2. Hydrophobic index (I1/I3) for pyrene luminescence for different types and concentrations of polymers tested (panel (a)-(d), n = 3).  
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understandable that this PPI resulted in more pronounced decreases of 
I1/I3 as compared to those of Poloxamer. 

The I1/I3 data from the investigations of HPMC did not suggest a 
great tendency to form hydrophobic domains. The polymer is known to 
aggregate at temperatures higher than 55 ◦C (depending on the used 
grade) and would likely require higher concentrations than used in the 
present study to form hydrophobic regions (Silva et al., 2008). 
Comparatively low decreases of I1/I3 were also evidenced for PEG 20, 
000, which was in line with the high hydrophilicity of the polymer. This 
hydrophilicity can be quantified in terms of relative permittivity and the 
latter value for PEG was previously found to be higher than that of 
diverse less polar pharmaceutical excipients, but it was still clearly 
lower than the relative permittivity of water (Niederquell et al., 2019). 
Therefore, PEG is only comparatively hydrophilic but PEG micro
domains can still form on dispersion based on the polarity difference to 
water, which was supported by the experimentally observed slight de
creases of I1/I3 values relative to pure water (Fig. 2). 

3.2. Molecular simulations and formation of hydrophobic 
microenvironments 

Computer simulations have become an effective visualization tool 
and are of great help in rationalizing experimental data (Gupta et al., 
2005). In the present study MDs were used, in conjunction to the hy
drophobic index scale, to elucidate the interactions theoretically taking 
place between FENO and the different polymers in solution. 

Fig. 3 shows that excipient aggregation and a kind of polymeric- 
micelle formation was obtained in the MD simulations with Soluplus 
and Poloxamer 188. Thus, both types of polymers displayed extensive 
formation of hydrophobic domains in agreement with the experimental 
data described above. 

As for the relatively greater extent of I1/I3 decrease for Soluplus 
compared to Poloxamer 188, the atomistic model did not support a 
mechanism solely based on geometric aspects of the polymeric micelle. 
There was no marked difference in surface versus core solubilisation of 
FENO with respect to micelle packing density, rather did the MD sim
ulations suggest that Poloxamer 188 appeared to form a denser aggre
gate. This supports the discussion of I1/I3 decreases in the previous 
Section 3.1. where this difference between these two micelle-forming 
polymers was attributed to the chemical nature of the microenviron
ments as Soluplus offered a lower polarity compared to Poloxamer 188. 
Another aspect of the specific polymer chemistry was that only with 
Soluplus, occasional hydrogen bonding, was observed where some of the 
FENO molecules were hydrogen bond accepting. This contributed on the 
average to about 5 % of the total interaction energy, hence Van der 
Waals interactions were still dominating the PPI interaction with FENO. 
Fig. 4 displays MD snapshots for the other tested polymers where no 
polymeric micelle formation was expected at given experimental 

conditions, i.e., HPMC, PVP K30, and PVP-VA. 
High chain flexibility of PVP K30 and PVP-VA was observed in the 

MD simulations in that tightly packed chain loops were surrounding 
FENO, which was embedding the drug similar to an inclusion in a 
polymeric micelle. This was in good agreement with the pronounced 
decreases of I1/I3 values that were observed for these highly flexible 
polymers. However, the geometric part of the pocket formation was one 
aspect, while the chemical nature of the polymer was another. The 
pyrrolidone-based polymers offered a less polar microenvironment than 
polyethylene glycol, which explained the moderate experimental I1/I3 
decreases observed with PEG 20,000 although the MD simulation 
demonstrated also a high polymeric flexibility and coil formation in line 
with the literature (Alessi et al., 2005). Noteworthy for the PEG 20,000 
was that FENO molecules appeared to be less separated than in the case 
of the other polymers in their respective MD simulations. Thus, pi-pi 
interactions were observed between individual FENO molecules. These 
self-interactions of the very hydrophobic model drug indicate that PEG 
20,000 did not offer polymeric domains of sufficient solvation capacity 
to fully overcome drug self-cohesion. 

While there was domain formation and integration of FENO 
observed for PEG 20,000, the MD results for HPMC provided a different 
picture (Fig. 4). Owing to the β− 1,4-glycosidic bonds of the monomers, 
cellulose-based polymers are comparatively rigid. This was reflected in 
the MD simulations by the absence of small chain loops for drug nesting, 
which was otherwise observed with the other more flexible polymers. A 
rigid polymer such as HPMC would require entire chains to aggregate to 
form hydrophobic domains but individual hydrophobic interactions can 
still occur. Thus, a recent study of FENO and a cellulosic polymer was 
making use of different NMR techniques to show that hydrophobic in
teractions occurred via the pyranose ring and the diphenyl ketone of 
FENO as well as via side chains such as with methyl groups (Martin-
Pastor and Stoyanov, 2021). The present MD simulations in case of 
HPMC supported this view that hydrophobic interactions occurred but 
not via embedding of drug in entire domains but rather along a single 
chain of the polymer. This result was also in agreement with the 
comparatively low I1/I3 decreases of HPMC (Fig. 2). Interestingly, the 
simulations revealed further that some hydrogen bonding occurred be
tween FENO and HPMC, where FENO was an acceptor, and the associ
ated energy was about 19 % of the overall interaction energy with 
HPMC. 

3.3. Effect of polymers on kinetic concentrations and apparent 
supersaturation 

To evaluate the relationship between the tendency of a polymer to 
form hydrophobic domains and its ability to maintain high kinetic drug 
concentrations, a non-sink in vitro test was performed. Fig. 5 shows ki
netic concentration curves of FENO in the different polymer solutions. 

Fig. 3. Snapshot of a molecular dynamics (MD) simulation (20 ns), which shows fenofibrate and excipients that are polymeric micelle formers, i.e., (a) Soluplus and 
(b) Poloxamer 188, in water (TIP3P model). The polymeric Van der Waals surface is depicted, and drug molecules are given as space-filled model, while water 
molecules are not shown for clarity of presentation. 
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As a result, higher concentrations were generally observed in solutions 
with PPI as compared to FENO solutions without added PPI. However, 
not all excipients showed clear differences especially during later 
timepoints in the experiment. 

Considering the concentrations over time (Fig. 5), Soluplus was the 
best-performing polymer at maintaining high kinetic concentrations for 
the full duration of the experiment. Comparatively high concentrations 
were also sustained in presence of HPMC (Fig. 5). The latter polymer has 

been shown earlier to exhibit kinetic effects on the surface of nuclei and 
growing crystals (Chauhan et al., 2013; Gao et al., 2009; Warren et al., 
2010). Ziller et al. proposed that HPMC acts as a mechanical barrier to 
crystallization by preventing drug molecules in solution from adsorbing 
to the crystal lattice (Gao et al., 2009; Ziller and Rupprecht, 1988). 
However, it is important to differentiate kinetic effects from pure sol
vation effects and therefore, solubility values at 0.01 % (w/v) of PPI 
were used to normalise the concentrations to obtain apparent 

Fig. 4. Magnified view of a snapshot MD simulation (20 ns) of fenofibrate and polymers, (a) PVP K30, (b) PVP-VA, (c) HPMC, (d) PEG 20,000, in water (TIP3P 
model). The polymeric Van der Waals surface is depicted, and drug molecules are given as space-filled model, while water molecules are not shown for clarity of 
presentation. 

Fig. 5. Kinetic concentrations of fenofibrate (μg/mL) vs. time (min) at 37 ◦C in 0.01 % (w/v) polymer in aqueous solution (panel (a)-(d), n = 3).  
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supersaturation values over time (Fig. 6). 
There were notable solubilisation effects observed that caused 

reduced apparent supersaturation compared to the blank solution 
without PPI. The apparent supersaturation was most dominantly 
reduced in case of the aforementioned HPMC but also with PVP K30, 
PVP-VA, Soluplus, and Poloxamer, the decreases in supersaturation 
reduced the driving force of drug precipitation. 

Regarding the latter micelle-forming excipients, Soluplus showed 
higher concentrations relative to Poloxamer 188 (Fig. 5) and given the 
reduced apparent supersaturation of both polymers (Fig. 6), 
concentration-time profiles were apparently influenced by kinetic ef
fects, whereby the less hydrophobic chemical nature of Poloxamer 
compared to Soluplus was likely causing the difference in sustaining 
drug concentrations over time (Alopaeus et al., 2019; Russo and Villa, 
2019). 

Moreover, PVP K30 and PVP-VA were also not showing high and 
sustained FENO concentrations over time (Fig. 5). Some precipitation 
apparently occurred over time although the supersaturation kinetics 
revealed that the driving force of such precipitation was clearly reduced 
compared to the blank reference without PPI (Fig. 6). Interestingly, a 
previous study on monomer contributions to precipitation inhibition 
performance concluded that the more hydrophobic monomer vinyl ac
etate was more relevant than vinylpyrrolidone for stabilization of su
persaturated celecoxib (Knopp et al., 2016). However, the present study 
did not show a marked difference between PVP K30 and PVP-VA in their 
kinetic concentration profiles in case of FENO. 

Finally, PEG 20,000 showed a rapid drop in kinetic concentrations 
similar to the reference without PPI (Fig. 5). One aspect of this obser
vation was the obviously limited capacity of PEG 20,000 to prevent drug 
precipitation while another is that apparent supersaturation was clearly 
higher than with the other PPIs (Fig. 6), which was mainly due to a 
lacking solubilisation capacity of this PPI at the 0.01 % (w/v) level. 

An overview of maximum supersaturation is given by Table 1 
together with 95 % confidence intervals of the ANOVA. The latter 
Tukey’s HSD intervals were comparatively broad, which is not unusual 
for non-sink supersaturation experiments because drug precipitation is a 
stochastic process that comes with a high inherent variability. The 
ANOVA still shows differences between the samples (p < 0.0001) in 

terms of maximum supersaturation in that the reference without PPI and 
PEG 20,000 were significantly different from the group of other poly
mers. The latter group of polymers showed some tendencies regarding 
maximum supersaturation values, but these more subtle differences 
were better seen in the overall time course of the non-sink in vitro test as 
it was discussed above. 

3.4. Impact of different polymer concentrations on drug solubility 

To explore the drug solubilising effects of the PPIs not only at the 
diluted 0.01 %, w/v level, further higher concentrations were analysed 
in line with ranges used for the fluorescence study. The results of the 
thermodynamic solubility values of FENO are show in Fig. 7. 

Solubilising effects of polymer on drugs are complex and dependent 
on many parameters, such as type of drug, type of polymer and polymer 
concentration. A nearly linear solubilising effect of FENO with 
increasing polymer concentration was observed with Soluplus (Fig. 7). 
This was attributed to the amphiphilic excipient nature where the dis
solved drug is incorporated within the lipophilic core of polymeric mi
celles in line with the results of the present work as well as previous 
research (Alopaeus et al., 2019). 

Poloxamer 188, PVP K30, PVP-VA and PEG 20,000 did not exhibit a 
pronounced concentration effect, which was analogous to what has been 
reported before, for example in the case of rivaroxaban (Choi et al., 
2022; Lee et al., 2021). Finally, HPMC displayed a more complex con
centration effect on FENO solubilisation. Albeit, significantly improving 
overall drug solubility, an increase in polymer concentration resulted in 

Fig. 6. Apparent supersaturation of fenofibrate vs. time (min) at 37 ◦C in 0.01 % (w/v) polymer in aqueous solution (panel (a)-(d), n = 3).  

Table 1 
Maximum supersaturation and ANOVA 95 % Tukey’s HSD intervals.   

Maximum supersaturation as 
means (n = 3) 

Maximum supersaturation as 
95 % Tukey confidence intervals 

No PPI 12.2 10.0 - 14.4 
PVP K30 1.9 − 0.3 - 4.2 
PVP-VA 1.3 − 0.9 – 3.6 
PEG 20,000 9.0 6.8 - 11.3 
HPMC 1.4 − 0.9 – 3.6 
Poloxamer 188 1.7 − 0.6 - 3.9 
Soluplus 3.1 0.8 - 5.3  

E. Zeneli et al.                                                                                                                                                                                                                                   



European Journal of Pharmaceutical Sciences 198 (2024) 106791

8

a reduced solubilising benefit within the concentration range studied. 
The study with rivaroxaban also observed an analogues relationship 
where increasing concentrations of HPMC led to a reduced drug sol
ubilisation (Choi et al., 2022; Lee et al., 2021). As the present study 
indicated a direct molecular interaction of free HPMC chains with FENO, 
the accessibility of such free polymer chains is apparently in competition 
with the known self-interaction of the chains, which is depending on 
HPMC concentration and temperature (Joshi, 2011). Therefore, it is 
understandable that HPMC showed diminishing solubilisation gains of 
FENO with increasing polymer concentration at least for up to 1 % 
(w/v). 

The diluted situation with very low polymer concentration (0.01 %, 
w/v) provided FENO solubility values that were clearly higher than the 
reference without PPI but still below a concentration order of 1 µg/mL 
(Fig. 7). It should be noted that a solubility ranking between polymers 
was depending on polymer concentration, which reflected the previ
ously discussed complex concentration-dependence of drug solubilisa
tion. Accordingly, specific polymer characteristics must be considered. 
Despite of the low polymer level of 0.01 % (w/v), solubilising effects 
were observed for PVP K30 and PVP-VA in accordance with the dis
cussed hydrophobic domain formation of these highly flexible polymers. 
Such hydrophobic domains as indicated by the pyrene-fluorescence data 
and MD simulations, were also the expected reason for the observed 
FENO solubilisation of Soluplus. However, the extent of solubilisation 
was clearly below that of higher Soluplus levels for which a more pro
nounced micelle formation was assumed that would cause a nearly 
linear increase (Fig. 7). 

In the case of Poloxamer 188, previous studies have shown that the 
extent of drug incorporation in poloxamers strongly depended on the 
hydrophobic/hydrophilic ratio of the polymer and the drug loading 
capacity was related to the CMC and critical micelle temperature (CMT) 
(Olea et al., 2014; Santander-Ortega et al., 2006). Given the previously 
mentioned CMC of Poloxamer 188 at 37 ◦C, it was not expected that a 
pronounced micelle formation was causing the rather moderate drug 
solubilisation at 0.01 % w/v (Fig. 7). 

The high solubilisation of FENO by the low concentration of HPMC 

was most remarkable. It was in line with the non-sink in vitro results in 
that the thermodynamic driving force for precipitation was apparently 
reduced by the solubilising effect of HPMC. The data of fluorescence 
analysis together with the MD simulations suggested that this effect was 
the result of direct drug and polymer-chain interactions, whereas there 
was no support for the alternative view of a supramolecular domain 
formation at this low HPMC concentration. As mentioned in the dis
cussion of the in silico results, the interaction of FENO and HPMC 
involved also hydrogen bonding, which was further promoting the 
observed drug solubilisation. 

It was overall remarkable that all PPIs displayed notable solubilising 
effects of FENO even at the very low polymer concentration of 0.01 % 
w/v. Although it is often assumed for such low polymer concentrations 
that primarily kinetic effects on the surface of nuclei/crystals or in so
lution phase cause the performance of PPIs, the present study demon
strated clear solubilising effects in case of the very lipophilic model 
compound FENO. 

4. Conclusion 

In this study, the ability of pharmaceutical polymers to form hy
drophobic domains was investigated by means of fluorescence spec
troscopy as well as atomistic MD simulations. These results were 
compared to the polymer performance in terms of their ability to 
maintain supersaturation and to facilitate solubilisation of the model 
drug FENO. Notable was the observation how highly flexible polymers 
form multiple loops that can embed a drug in hydrophobic environ
ments. This was quite different for the more rigid polymer HPMC, but 
strong drug-polymer interactions were also found here because the 
multiple Van der Waals interactions with individual HPMC chains were 
complemented with some hydrogen bonding. Finally, HPMC and Sol
uplus could both sustain high kinetic drug concentrations in the solvent- 
shift experiments whereby an increased solubility and reduced super
saturation was of relevance. 

An understanding of hydrophobic domain formation in aqueous 
dispersion is important but it should be considered that the performance 

Fig. 7. (a) and (b) Solubility of fenofibrate (μg/mL) for different polymers and polymer concentrations and (c) solubility at 0.01 % (w/v) polymer in aqueous solution 
(n = 3). 
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of a PPI is the result of both thermodynamic solubility as well as kinetic 
effects. Therefore, further research is needed with additional com
pounds and polymers to obtain a broader view on individual factor 
contributions to excipient performance. However, it can be already 
concluded that the approach of fluorescence analysis in conjunction 
with full atomistic MD simulations provided valuable insights into the 
molecular architecture of the individual PPIs and in how they interact 
with a lipophilic drug. 
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