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Abstract: Poorly water-soluble drugs frequently solubilize into bile colloids and this natural mechanism is key
for efficient bioavailability. We tested the impact of pharmaceutical polymers on this solubilization interplay using
proton nuclear magnetic resonance spectroscopy, dynamic light scattering, and by assessing the flux across model
membranes. Eudragit E, Soluplus, and a therapeutically used model polymer, Colesevelam, impacted the bile-
colloidal geometry and molecular interaction. These polymer-induced changes reduced the flux of poorly water-
soluble and bile interacting drugs (Perphenazine, Imatinib) but did not impact the flux of bile non-interacting
Metoprolol. Non-bile interacting polymers (Kollidon VA 64, HPMC-AS) neither impacted the flux of colloid-
interacting nor colloid-non-interacting drugs. These insights into the drug substance/polymer/bile colloid interplay
potentially point toward a practical optimization parameter steering formulations to efficient bile-solubilization by

rational polymer selection.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Introduction

Long-lasting supersaturating systems and/or strategies increasing dissolution rates address pharmaceutical
challenges of poorly water-soluble drugs (PWSD) [1], including salt design [2-7], nanoparticles [8, 9] and,
amorphous solid dispersions (ASD) [10, 11] among other approaches [12-17] to obtain reproducible and adequate
pharmacokinetics (PK). Polymer excipients used for drug formulation were traditionally referred to as “inert” [18-
20] in spite of arole in e.g. drug transporter inhibition [21], allergic reactions [22], or physicochemical interactions
[23]. Other reports highlighted the impact of these excipients on the natural solubilization systems [24, 25] and the
current manuscript is within this context. Bile salts (including taurocholate — TC), phospholipids (including
lecithin— L), cholesterol, and lipids pour out of the common bile duct into the duodenum and are largely reabsorbed
in the ileum [26]. The resulting aqueous taurocholate and lecithin mixed micelles (denoted TC/L MIM) form the
natural solubilization systems for poorly water-soluble vitamins and PWSDs [27-30]. For example, MIM
solubilization is key for vitamin K absorption [31], e.g. reflected by the fact that healthy neonates readily absorb
orally given vitamin K [29], while absorption occurs to a lesser extent in neonates with an obstructed bile
duct/cholestasis [32]. For the most part, the focus of publications on pharmaceutical polymers detail aspects of
drug dissolution and the impact on drug permeation across the gut epithelial barrier [33-35]. Selected examples
along these lines are the use of Hydroxypropyl methylcellulose acetate succinate (HPMC-AS) increasing the
bioavailability of a PWSD [36], while the amino methacrylate copolymer Eudragit E, though increasing the
apparent drug solubility in vitro, resulted in delayed and reduced systemic availability as compared to control
without polymer [37]. We hypothesize that reduced bioavailability for PWSDs in the presence of polymer
excipients such as Eudragit E is in part due to polymer induced changes in the MIM colloidal structure, thereby
impacting MIM solubilization of drugs. We used Fasted State Simulated Intestinal Fluid (FaSSIF) as a model
biological fluid containing TC/L MIM as seen in bile [24, 27, 38]. We characterized the impact of polymers
(modified polyallylamine (Colesevelam), Eudragit E, polyvinyl caprolactam—polyvinyl acetate—polyethylene
glycol graft copolymer (Soluplus), vinylpyrrolidone-vinyl acetate copolymer (Kollidon VA 64), and HPMC-AS)
on the molecular interaction within TC/L MIM by H nuclear magnetic resonance (*H NMR) and on changes on
colloidal geometries by dynamic light scattering (DLS). Both methods combined provided the necessary
granularity to assess geometries by hydrodynamic radii and molecular interaction by *H NMR analysis.
Throughout the manuscript we are using the terms “MIM interacting polymers” or “MIM non-interacting
polymers” to indicate the interaction of polymers with TC/L MIM. Colesevelam was selected as a model polymer

used therapeutically due to its bile acid/TC binding ability [39]. Eudragit E is a glazing agent used for taste masking
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in many pharmaceutical formulations [40, 41] and in ASD formulations [42]. Soluplus has also been used for
ASDs [43, 44]. Kollidon VA 64 is a dry binder, granulating agent, and film forming agent [45], HPMC-AS an
enteric coating material [46], and both polymers are used as solid dispersion carrier, or precipitation inhibitor [47].
Furthermore, we compared the polymer impact on the solubilization and flux across an artificial membrane for the
poorly water soluble drugs Perphenazine and Imatinib with the water soluble and well permeable drug Metoprolol
[48]. Throughout the manuscript we are using the terms “MIM interacting drugs” or “MIM non-interacting drugs”
to indicate the interaction of drugs with TC/L MIM. The flux across these artifical membranes has been previously
correlated to bioavailability [49-51]. The outcome of our experiments led to a preliminary decision tree by which
drug substances are firstly categorized in those for which interaction with bile colloids is critical or not. Depending
on this initial classification, secondly classes of pharmaceutical polymers are proposed for TC/L MIM solubilizing

drug substances or for drug substance, which do not or marginally interact with TC/L MIM.

Materials and Methods

Materials

Hydroxypropyl methylcellulose acetate succinate (HPMC-AS, grade LF) was obtained from Shin-Etsu Chemical
Co Ltd. (Tokyo, Japan). Eudragit E PO was kindly provided by Evonik Nutrition and Care GmbH (Essen,
Germany). Kollidon VA 64 and Soluplus were kindly provided by BASF SE (Ludwigshafen, Germany).
Colesevelam was purchased from BOCSCI Inc. (New York, USA). Deionized, purified water (Millipore water)
was generated by in-house Millipore purification system from Merck KGaA (Darmstadt, Germany).
Hexadeuteriodimethyl sulfoxide (DMSO-ds, 99.8% D) was purchased from Euriso-top (Saarbriicken, Germany)
and deuterated water (D20, 99.9% D) from Deutero GmbH (Kastellaun, Germany). Deuterated water (D20, 99.9%
D) containing 0.05% 3-(trimethylsilyl)propionic-2,2,3,3-ds sodium salt (TSP-ds), 40% sodium deuteroxide in
deuterated water (NaOD, 99% D), 35% deuterium chloride in deuterated water (DCI, 99% D), sodium chloride
(99%), monobasic sodium phosphate monohydrate (99%), D-a-Tocopherol polyethylene glycol 1000 succinate
(Vitamin E TPGS), Perphenazine (99%), Metoprolol (99%) were purchased from Sigma-Aldrich (Schnelldorf,
Germany). Imatinib free base was kindly provided by Novartis Pharma AG (Basel, Switzerland). Coaxial insert
tubes and NMR tubes (5 mm, clear and amber glass) were purchased from Norell, Inc. (Landisville, PA USA).
FaSSIF (FeSSIF/FaSSGF) powder was purchased from biorelevant.com Ltd. (London, UK). All other standard
chemicals and laboratory consumables, if not stated otherwise, were purchased from either VWR International

GmbH (Ismaning, Germany) or Sigma-Aldrich.

Methods
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Dynamic Light Scattering

DLS was assessed by a DelsaNanoHC particle analyzer (Beckman Coulter Inc., Brea, California) with a
backscattering angle of 165°. Modified phosphate buffered saline pH 6.5 (PBS) and FaSSIF-V1 (hereinafter
referred to as TC/L in PBS) with a concentration of 3 mmol/lI TC and 0.75 mmol/l L were prepared according to
the manufacturer’s protocol (biorelevant.com). The respective polymer amount in medium (PBS or TC/L in PBS)
was shaken for 2 h at 25 °C, 750 rpm on a Thermomixer F1.5 (Eppendorf AG, Hamburg, Germany). Unfiltered
samples were measured in disposable 1.5 ml UV-Cuvettes (Brand GmbH & Co. KG, Wertheim, Germany) in
triplicate with an accumulation of 70 scans in each run. Data was analyzed using the CUMULANT method. The
Z-Average particle size was evaluated with a refractive index of 1.333 as determined for TC/L in PBS by an Abbe
refractometer (Carl Zeiss AG, Oberkochen, Germany). The hydrodynamic diameter was adjusted by the dynamic
viscosities of the respective solutions as read with a rolling-ball viscometer LOVIS 2000 M using capillary LOVIS
1.8 equipped with a steel ball at an inclination angle of 70° (diameter 1.5 mm, steel 1.4125, density 7.66 g/cm?,
Anton Paar GmbH, Graz, Austria). The temperature was set to 298 K for all experiments. Density was determined
using an Anton Paar Density Meter DMA 4100 M. Samples with visible particles were excluded from statistical

analysis.

'H Nuclear Magnetic Resonance Spectroscopy

For 'H NMR measurements a 0.1 mol/l DMSO-ds drug stock solution was prepared. Deuterated water was used
for media preparation. Briefly, for pH adjustment in deuterated water a correction factor was used adjusting pD to
6.91 using DCI and NaOD [52]. Perphenazine experiments were carried out under light protection. 1 mmol/l drug
solutions were prepared by adding stock solution to the deuterated medium or polymer/medium mixtures,
subsequently shaking for 2 h, 25 °C, and 750 rpm on a Thermomixer. *H NMR spectra were recorded on a Bruker
Avance 400 MHz spectrometer (Bruker BioSpin GmbH, Karlsruhe, Germany) operating at 400.13 MHz with a
BBI BB-H 5 mm probe head and at a temperature of 300 K. For *H NMR experiments the acquisition parameters
were set to 256 scans with 56 dummy scans for sample equilibration, flip angle of 30°, a broad spectral width of
20.55 ppm to record all possible signals, and transmitter offset of 6.175 ppm. The acquisition time was 3.985
seconds followed by a relaxation delay of 1.0 second with collection of 64 000 data points at a sample spinning
frequency of 20 Hz to ensure proper signal resolution (no spinning side bands were observed). The data were
processed using TopSpin 4.0.6 (Bruker BioSpin). An exponential line broadening window function of 0.3 Hz was
used (no difference in noise was seen at 0.5 Hz, data not shown). Automatic baseline correction and manual
phasing were applied. The chemical shifts were referenced to the external standard of 0.05% TSP-d. in DO filled

in a coaxial insert tube. Proton peaks from deuterated solvents such as DMSO-dg are denoted DMSO-ds which
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comprises all isotopomers of DMSO with at least one detectable proton. For *H diffusion-ordered spectroscopy
(DOSY) polymers and media compounds were dried (60 °C, 24 h) in a vacuum drier (Heraeus GmbH, Hanau,
Germany). Samples in deuterated TC/L in PBS and PBS were prepared in a constantly nitrogen flushed sekuroka
glove box (Carl Roth GmbH & Co. KG, Karlsruhe, Germany). Signal assignment was done using 3C, *H-'H
correlated spectroscopy (COSY), and edited *H-13C heteronuclear single quantum coherence (HSQC) spectra as
described before [24]. DOSY spectra were recorded at 298 K on Bruker Avance Neo 600 MHz spectrometer
(Bruker BioSpin) operating at 600.25 MHz for *H, equipped with a 5 mm TCI cryo probe containing a z-axis
gradient coil with a maximum gradient strength of 58.305 G cm™. A pulse sequence for diffusion measurement
using double stimulated echo for convection compensation and longitudinal eddy current delay sequence with
bipolar gradient pulses for diffusion and 3 spoil gradients was used (dstebpgp3s) [53, 54]. A series of 16 spectra
with a linear gradient ramp from 25 to 70% of the maximum gradient strength were recorded with an eddy current
delay of 5 ms and a recycle delay of 5 s. The water (HDO) diffusion coefficients were obtained after data
processing by fitting signal intensity at 4.703 ppm using dynamics center 2.6 (Bruker BioSpin) as a function of

gradient strength (Eq. 1).

[
I(G) — 10 . 6—72'02-52'(A-§)'D (qu)

Where I(G) is the gradient strength dependent signal intensity, lo initial signal intensity, y gyromagnetic ratio of
protons (4258 Hz/Gauss), G gradient strength, J gradient length (2 ms), 4 diffusion time (50 ms), and D diffusion

coefficient. The HDO signal decayed to below 5% of the initial signal intensity.

Flux

A side-by-side diffusion cell (PermeGear Inc., Hellertown, USA) was used (for assay workflow refer to Figure
S1). The donor and receiver compartments (each with a filling volume of 10 ml) were separated by a regenerated
cellulose membrane with an average pore size of 33 nm according to the manufacturer (innoME GmbH,
Espelkamp, Germany). The orifice had a diameter of 15 mm resulting in a surface area of 1.77 cm2. The five
polymers were tested either in TC/L in PBS or in PBS (0.05% and 1%; % means weight per weight unless stated
otherwise) and shaken on an orbital shaker Reax 20 for 2 h (Heidolph GmbH, Schwabach, Germany), and then
transferred to the donor chamber. Eudragit E was additionally tested at a concentration of 0.01%. The receiver
compartment was filled with PBS containing 0.2% Vitamin E TPGS. In all experiments, the maximum
concentration in the receiver cell was less than one tenth of the amount added to the donor (sink condition). The
temperature was held at 298 K using a Haake Fisons C1 water circulator (Thermo Fisher Scientific Inc., Karlsruhe,

Germany) with a DLK 1002 cooling unit (FRYKA GmbH, Esslingen, Germany). The fluids in the cells were
6
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stirred continuously at 500 rpm on a H9-CB-02 stirring apparatus (SES GmbH, Bechenheim, Germany). At the
beginning of the diffusion experiment, a 0.1 mol/l drug stock solution in DMSO was added to achieve a nominal
starting concentration of 1 mmol/l. The total amount of DMSO never exceeded 1% (v/v). Perphenazine
experiments were carried out under light protection. After 5, 15, 30, 60, 120, 180, and 240 minutes aliquots of 100
ul were taken from the receiver medium and replaced with fresh PBS containing 0.2% Vitamin E TPGS.
Subsequently, the samples were diluted with 25 ul of acetonitrile (ACN) containing 0.1% trifluoroacetic acid
(TFA), vortexed for at least 30 seconds (VTX-3000L, LMSCO. LTD., Tokyo, Japan), and centrifuged with a

MiniSpin centrifuge (Eppendorf) at 13000 rpm for 10 minutes.

High Pressure Liquid Chromatography Analysis

High Pressure Liquid Chromatography (HPLC) was used to determine the receiver compartment concentration
change over time. The flux in nmol/min-cm? was obtained from the slope of the resulting concentration versus
time profile using linear regression per permeated area. The amount of drug in the acceptor increased linearly
showing a high coefficient of correlation (R2 > 0.996). Experiments were carried out in triplicate. Samples were
analyzed with an Agilent 1260 infinity 1l HPLC (Agilent Technologies Inc., Waldbronn, Germany) using a
Synergi™ 4 pm Hydro-RP18 80 A 150 x 4.6 mm LC column (Phenomenex LTD, Aschaffenburg, Germany). The
device was equipped with a variable wavelength detector (G7114A, Agilent), an automatic vialsampler (G7129C,
Agilent), flexible Pump (G7104C, Agilent), and multicolumn oven (G7116A, Agilent). Mobile phase A was 0.1%
TFA in Millipore water. Mobile phase B was ACN with 0.1% TFA, flow was set to 1 ml/min, injection volume
was 50 pl, and the wavelength of the detector was set to A = 255 nm for Perphenazine, A = 267 nm for Imatinib,
and A = 275 nm for Metoprolol. The gradient started at 20% B increasing to 100% within 6 minutes, held for 4
minutes, then back to 20% B within 1 minute, and held for 4 minutes. Quantification was done by calibration

curves (Figure S2).

Statistical Analysis

DLS and Metoprolol flux were statistically evaluated by one-way ANOVA followed by post hoc Dunnett’s test
for pairwise comparison with the control group. For flux, pairwise comparisons of all groups were done by post
hoc Tukey test. Homogeneity of variance was tested by a Levene-test. A double-sided Grubb’s test was used for
outlier testing and excluded data points are always mentioned in the respective figure legend. Data was considered
statistically significant at p < 0.05. OriginPro 2017 (OriginLab Corporation, Northampton, MA, USA) was used

for statistical analysis.
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Results

Drug interaction with taurocholate/lecithin mixed micelles

We analyzed the interaction of Perphenazine and Metoprolol with TC/L MIM by *H NMR spectroscopy. In the
IH NMR spectrum, the TC/L signals appeared in the range 0.7 to 5.3 ppm which is in agreement with the previously
reported measurement (Figure 1A, S3, S4) [24]. TC H12, H7, H3, H21, H19, H18, and L H4 proton signals shifted
to lower ppm in the presence of Perphenazine thereby indicating interaction of the drug substance with TC/L MIM.
This was also reflected by Perphenazine’s aryl-proton signals shifting to lower ppm in the presence of TC/L MIM
(Figure 1B, S4, S7). In contrast, no chemical shift of TC/L signals were observed in the presence of Metoprolol

including Metoprolol’s aryl-proton resonances (Figure 1A, 1C), orthogonally confirming previous reports [55].

A Perphenazine

jL DMSO-d,
Metoprolol Pl o |
TC/L in PBS reference | : TC H1o |
L H4 TC H21
TC H25 “ilire nae
TC H12, H7 | \TC H3

’

L db L H1 L H2

T e T
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

HDO

B Perphenazine C Metoprolol
TC/Lin PBS solubilized drug TC/Lin PBS TC/L MIM
MA—J '.'
A AA
EEEJ'WU‘J\NL____.___ free drug PBS free drug
I T T

74 72 7.0 ppm 74 72 7.0 ppm

Figure 1: 'H NMR spectra of Perphenazine — interacting with TC/L MIM - and Metoprolol - not interacting with TC/L MIM.
(A) 'H NMR spectra of TC/L in PBS as reference (bottom; green and red lines for L and TC signals, respectively), TC/L in
PBS with Metoprolol (center), and TC/L in PBS with Perphenazine (top). *H NMR aryl-proton excerpt of (B) Perphenazine,
and (C) Metoprolol in TC/L in PBS (top), and in PBS (bottom) including cartoons abstracting findings for the TC/L MIM
interaction with (B) Perphenazine (purple triangle) and absence of interaction of (C) Metoprolol (blue triangles). Signal shifts

are indicated by dotted lines.
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We refer to analogous studies for Imatinib, which is integrated into the assessment of drug
substance/polymer/TC/L MIM interactions (vide infra) [24]. Complete *H NMR spectra, chemical structures, and

the approach of aryl-proton spectra interpretation is outlined in the supplementary information (Figure S3-8).

Polymer interaction with taurocholate/lecithin mixed micelles

We characterized the polymers in PBS and their impact on TC/L in PBS concerning colloidal size change and

molecular interaction by DLS and *H NMR spectroscopy, respectively. The hydrodynamic diameter of TC/L MIM

was 73.0 £ 0.9 nm (Figure 2A).
A Colesevelam Eudragit
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Figure 2: Hydrodynamic diameter of colloids in TC/L in PBS with (A) Colesevelam, (B) Eudragit E, (C) Soluplus, (D)
Kollidon VA 64, and (E) HPMC-AS at concentrations as indicated measured by DLS. DLS outcome from turbid samples is
qualitatively reported. Data shown as mean + standard deviation (SD), ANOVA considering p <0.05 as statistically significant
followed by Dunnett’s post-hoc for pairwise comparison to the 0% polymer group (significant differences are shown by

asterisks).
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Colesevelam at 0.5 and 1% resulted in visually turbid samples (Figure 2A). Eudragit E - insoluble at 0.01% in
TC/L in PBS — was visually turbid (Figure 2B). At> 0.05% Eudragit E, particles were formed with 15 to 30 nm
in diameter. Soluplus did not impact the size of the TC/L MIM other than at 1% (Figure 2C) nor did Kollidon VA
64 (Figure 2D), or HPMC-AS (Figure 2E). DLS results of the polymers in PBS are detailed in the supplementary
information (Figure S9, Table S1-3). Furthermore, we analyzed polymers in TC/L in PBS and in PBS by *H NMR
spectroscopy. No Colesevelam signals were seen in PBS and the TC/L signal intensities decreased in presence of
this TC binding polymer (Figure 3A). Eudragit E reduced the intensity of the TC/L signals with signal broadening
observed for TC protons in the range 0.5 to 1.2 ppm (Figure 3B). TC signals from 3.8 to 4.2 ppm were no longer
observed, while L H4 at 3.25 ppm and TC H26 at 3.1 ppm remained detectable. Soluplus effects in TC/L in PBS
were comparable to Eudragit E (Figure 3C). In contrast, neither the presence of Kollidon VA 64 (Figure 3D) nor

HPMC-AS (Figure 3E) shifted TC/L signals.

A Colesevelam B Eudragit E
PBS s S PBS
TC/Lin PBS e e TC/L in PBS
e sk Py |
_ v
TC/L in PBS no polymer W TC/L in PBS no polymer

42 38 34 30 12 08 ppm 42
C Soluplus D Kollidon VA 64

1!2 I 078 Ipplm
PBS T PBM J
TCI/L in PBS EJE TC/Lin PB %&
12 08  ppm

3.8 3.4 3.0

TC/L in PBS no polymer

"42 38 34 30 12 08 ppm 42 38 34 30
E HPMC-AS
PBS
TC/L in PBS
TC/L in PBS no polymer
‘42 38 34 30 12 08 ppm

Figure 3: Extracts from 'H NMR spectra of 1% (A) Colesevelam, (B) Eudragit E, (C) Soluplus, (D) Kollidon VA 64, and (E)
HPMC-AS in PBS (top, black), in TC/L in PBS (center, red), and for comparison and identical across panels in TC/L in PBS
without polymer as reference (bottom, red). L H4 (green triangle pointing at 3.25 ppm) and TC H26 (red triangle pointing at
3.1 ppm) are highlighted for the assessment of polymer/TC/L MIM interaction, which was seen for (A) Colesevelam, (B)
Eudragit E, and (C) Soluplus but not (D) Kollidon VA 64, nor (E) HPMC-AS.

10
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Concentration dependent polymer effects on TC/L signals, polymer signals in PBS, chemical structures, and

complete *H NMR spectra are detailed in the supplementary information (Figure S10-S22).

Impact of polymers on Perphenazine flux across and aryl-proton signals in presence and in absence of
taurocholate/lecithin mixed micelles
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Figure 4: Perphenazine flux with (A) Colesevelam, (B) Eudragit E, (C) Soluplus, (D) Kollidon VA 64, and (E) HPMC-AS in
TC/L in PBS (red) and in PBS (black) at concentrations as indicated. (F) Lag time with Eudragit E in TC/L in PBS (red) and
in PBS (black) at concentrations as indicated. The left ordinate refers to data recorded in TC/L in PBS (red bars), the right
ordinate to in PBS (black bars). Data at 0% polymer concentration are identical for all flux panels and given for comparison.
Data shown as mean = SD, ANOVA considering p < 0.05 as statistically significant followed by Tukey post-hoc test for

pairwise comparison (significant differences are shown by asterisks).
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Subsequently, we focused on the impact of the polymers on Perphenazine’s flux in TC/L in PBS and in PBS across
regenerated cellulose membranes, which were previously used in correlation studies of flux and bioavailability
[49-51]. DLS studies indicated that aggregates did not permeate across the cellulose membrane (nominal pore size
33 nm according to the manufacturer), including aggregates bellow 33 nm as seen for Eudragit E (data not shown).
Perphenazine’s flux was reduced by 82% when solubilized into TC/L MIM as compared to PBS (Figure 4).
Colesevelam increased the Perphenazine flux in TC/L in PBS in a concentration dependent manner contrasting
observations in PBS (Figure 4A). Increased Perphenazine flux was recorded at low Eudragit E concentrations
(0.01 and 0.05%) in TC/L in PBS, but was reduced at 1% Eudragit E in TC/L in PBS and at all Eudragit E
concentrations in PBS (Figure 4B). Soluplus resulted in a concentration dependent flux decrease in both TC/L in
PBS and in PBS (Figure 4C). The flux did not change in TC/L in PBS when Kollidon VA 64 was added, but
decreased in PBS at 1% Kollidon VA 64 (Figure 4D). Similarly, HPMC-AS did not reduce the flux in TC/L in
PBS, contrasting findings in PBS (Figure 4E). The lag time of Perphenazine increased at 1% Eudragit E in TC/L
in PBS and in PBS as compared to without polymer (Figure 4F). Colesevelam reduced the lag time as a function
of the polymer concentration in TC/L in PBS. 1% HPMC-AS increased the lag time in TC/L in PBS and in PBS
(Figure S44). In addition to flux experiments, we analyzed Perphenazine’s aryl-proton signals in TC/L in PBS in
the presence of the polymers detailing the molecular interactions likely driving the flux effects. Signals broadened
and shifted to higher ppm at 1% Colesevelam as compared to Perphenazine in TC/L in PBS, while in PBS signal
intensity decreased and signals broadened (Figure 5A). The aryl-proton signals shifted to higher ppm with
increasing Eudragit E concentration, decreased in intensity, and disappeared at 1% Eudragit E in TC/L in PBS
(Figure 5B). In PBS, aryl-proton signals shifted with increasing Eudragit E concentration to lower ppm and
broadened along with intensity decrease. Soluplus decreased Perphenazine’s signal intensity with increasing
polymer concentration in TC/L in PBS and in PBS (Figure 5C). Additionally, broadening of the signals was
observed. Kollidon VA 64 had no impact on the aryl-proton signals and only a slight shift to higher ppm was
observed in TC/L in PBS (Figure 5D). In PBS signals sharpened and intensity increased as compared to
Perphenazine in PBS. Perphenazine’s aryl-proton signals broadened and shifted to higher ppm at 1% HPMC-AS
with unchanged signal intensity in TC/L in PBS (Figure 5E). In PBS signals broadened and intensity decreased
as a function of HPMC-AS concentration. Our interpretation of the aryl-proton spectra is outlined (Figure S8) and

complete *H NMR spectra are provided in the supplementary information (Figure $23-S27).
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Figure 5: 'H NMR excerpt of Perphenazine aryl-protons in TC/L in PBS (red) and in PBS (black) with (A) Colesevelam, (B)
Eudragit E, (C) Soluplus, (D) Kollidon VA 64, and (E) HPMC-AS at concentrations as indicated. The reference spectrum of

Perphenazine recorded in TC/L in PBS (red) and in PBS (black) is identical across panels and for comparison (no polymer).
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Impact of polymers on Imatinib flux across and aryl-proton signals in presence and in absence of
taurocholate/lecithin mixed micelles

In addition to Perphenazine, we analyzed the impact of the polymers on Imatinib’s flux in TC/L in PBS and in
PBS. Imatinib’s interaction with TC/L MIM was previously described [24]. Imatinib’s flux was reduced in TC/L

in PBS as compared to in PBS (Figure 6).

A Colesevelam B EudragitE .

1.2, ° ' ' 1.2, —= —_——
£ TC/Lin PBS PBS 'R — —
£ £
S 09 L 0.9
= =
£ E
S 061 5 0.6;

S £
k= A=
E 0.3 - x 0.3
T o

0.0- 0.0-

0 00510 0 0.05 1.0 0 0.010.051.0 0 0.010.051.0
Concentration [%] Concentration [%]
C Soluplus D Kollidon VA 64

1.2 x . . x , 1.2 , . =
E E
_kg 0-9 -)go Og'
= £
E‘ 0.6 = 0.6
g g
= =)

w T
0.0
0 00510 O 0.05 1.0 0 00510 0 0.05 1.0
Concentration [%] Concentration [%)]
E HPMC-AS F Eudragit E
12, . . . x . *
& ' ' 12 -
£
g 7 £ 9
£ 0.6 %
S 06
: £°
g 0.3 & 3.
T

0.0 0-

0 00510 0 0.05 1.0 0 0.010.051.0 0 0.010.051.0
Concentration [%] Concentration [%]

Figure 6: Imatinib flux with (A) Colesevelam, (B) Eudragit E, (C) Soluplus, (D) Kollidon VA 64, and (E) HPMC-AS in TC/L
in PBS (red) and in PBS (black) at concentrations as indicated. (F) Lag time with Eudragit E in TC/L in PBS (red) and in PBS
(black) at concentrations as indicated. The left ordinate refers to data recorded in TC/L in PBS (red bars), the right ordinate to
in PBS (black bars). Data at 0% polymer concentration are identical for all panels and given for comparison. Data shown as
mean = SD, ANOVA considering p < 0.05 as statistically significant followed by Tukey post-hoc test for pairwise comparison

(significant differences are shown by asterisks).
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Adding Colesevelam to TC/L in PBS increased the flux as a function of Colesevelam concentration (Figure 6A).

At 1% Colesevelam, the flux in TC/L in PBS was within the range of flux in PBS.
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Figure 7: 'H NMR excerpt of Imatinib aryl-protons in TC/L in PBS (red) and in PBS (black) with (A) Colesevelam, (B)
Eudragit E, (C) Soluplus, (D) Kollidon VA 64, and (E) HPMC-AS at concentrations as indicated. The reference spectrum of

Imatinib recorded in TC/L in PBS (red) and in PBS (black) is identical across panels and for comparison (no polymer). Signal
shifts are indicated by dotted lines.
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At 0.05% Eudragit E, the flux increased in TC/L in PBS and decreased at 1% Eudragit E in TC/L in PBS and in
PBS (Figure 6B). Soluplus reduced the flux in a concentration dependent manner in both, in TC/L in PBS and in
PBS (Figure 6C). Kollidon VA 64 reduced Imatinib flux at 1% in TC/L in PBS (Figure 6D), as well as in PBS
throughout the entire concentration range (Figure 6D). HPMC-AS also reduced the Imatinib flux at 1% in TC/L
in PBS and in PBS (Figure 6E). The lag time was significantly increased in presence of 1% Eudragit E in TC/L
in PBS but not in PBS (Figure 6F) and the other polymers had no impact on the lag time (Figure S45). We also
analyzed Imatinib’s aryl-proton signals in the presence of the polymers in TC/L in PBS and in PBS. Imatinib aryl-
proton signals in TC/L in PBS sharpened and shifted at 1% Colesevelam as compared to Imatinib without polymer
(Figure 7A). At 1% Colesevelam in PBS, Imatinib aryl-proton signals shifted to higher ppm as compared to
without polymer. Eudragit E caused signal shifts and at 1% the signals broadened and their intensity decreased in
TC/L in PBS and in PBS (Figure 7B). Broad signals were recorded at 1% Eudragit E in TC/L in PBS. With
increasing Soluplus concentration the signal intensity decreased continuously and shifting to higher ppm. At 1%
Soluplus all signals disappeared in TC/L in PBS and in PBS (Figure 7C). In the presence of Kollidon VA 64
signals shifted to higher ppm values as a function of concentration in TC/L in PBS and in PBS (Figure 7D).
Increasing HPMC-AS concentration resulted in signal broadening along with intensity decrease in TC/L in PBS
and in PBS (Figure 7E). Broad signals were recorded at 1% HPMC-AS in PBS. All complete 'H NMR spectra

are detailed in the supplementary information (Figure S28-S32).

Impact of polymers on Metoprolol flux across and aryl-proton signals in presence and in absence of
taurocholate/lecithin mixed micelles

20l TC/LinPBS PBS

—
(6]

Flux [nmol/min*cm?]
.(3 —_
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o
o

0O ABCDEUOABT CDE

Figure 8: Metoprolol flux (0) in absence of polymer, with 1% (A) Colesevelam, (B) Eudragit E, (C) Soluplus, (D) Kollidon
VA 64, and (E) HPMC-AS in TC/L in PBS (red) and in PBS (black). Data shown as mean + SD, ANOVA considering p <0.05
as statistically significant followed by Dunnett’s post-hoc for pairwise comparison with the 0% polymer group (significant

differences are shown by asterisks).
The last studied drug was Metoprolol. The flux was reduced in TC/L in PBS as compared to in PBS (Figure 8).

None of the polymers had an impact on Metoprolol flux in TC/L in PBS. Significant flux reduction was observed
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for 1% HPMC-AS in PBS as compared to in PBS. Except for Soluplus, Metoprolol aryl-proton signals were not

impacted by the polymers in TC/L in PBS and in PBS (Figure S33, S34).

Diffusion coefficient of water in taurocholate/lecithin in PBS and the impact of polymer supplementation

At last we determined diffusion coefficients of HDO in the presence of the polymers to assess the impact of
diffusion on flux. The HDO diffusivity - in TC/L in PBS with Perphenazine - was 2.79 - 10° m2/s (Figure S35)

and was not impacted by the presence of any of the polymers at any concentration (Table S4).

4. Discussion

Colesevelam, Eudragit E, and Soluplus impacted TC/L MIM structure (referred to as “MIM interacting polymers™)
and Kollidon VA 64 or HPMC-AS did not (“MIM non-interacting polymers™; Figure 2, 3). These MIM non-
interacting polymers formed supramolecular aggregates existing next to the TC/L MIM (Figure S9). Perphenazine
was effectively solubilized into TC/L MIM (Figure 1). Similarly, Imatinib was integrated into TC/L MIM as
previously described [24]. In the presence of MIM interacting polymers the molecular interaction of these drugs
within the MIM and the resulting free drug fraction were significantly impacted as compared to polymer-free
conditions (Figure 4, 6). Perphenazine shifts observed in presence of Colesevelam — used as a positive control
among our polymers - were particularly striking, arguably reflecting the therapeutic use of this polymer in contrast
to the other polymers which are used as excipients. In contrast, water soluble and well permeable Metoprolol did
not interact with TC/L MIM (Figure 1) and its flux across membranes was barely or not affected by the MIM

interacting polymers (Figure 8).

We hypothesized that MIM interacting polymers impact the molecular dynamics of TC/L MIM differently, as
compared to MIM non-interacting polymers, and that these differences impact the flux of PWSDs across
membranes. To address this hypothesis, we screened polymer concentrations from 0.01 to 1% - concentrations
with possible clinical significance (Section S6) [41, 56-59]. We started analyzing the impact of Colesevelam- an
ion exchanging polymer used for bile salt binding [39] — on MIM structure and MIM molecular assembly
hypothesizing and confirming that the polymer particularly impacted negatively charged TC (Figure S3, S10,
S12). Colesevelam reduced the *H NMR signal intensity of TC and L in a Colesevelam-concentration dependent
manner (Figure 3, S12), indicating that Colesevelam pushes TC/L from MIM into insoluble TC/L/Colesevelam
particles and further reflected by the presence of aggregates (Figure 2). Consequently, we expected less TC/L
MIM in presence of Colesevelam, hence reduced effects on crystallization inhibition, solubility or dissolution rate

of PWSDs, respectively, and as previously suggested [60-62]. Similarly, Eudragit E — frequently used in numerous
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formulations [41] - impacted the TC/L micellar system in a concentration dependent manner. Low Eudragit E
concentrations resulted in insoluble aggregates containing TC/L with non-detectable *H NMR signals for L but
still detectable TC signals suggesting efficient entrapment of L and to a lesser extent TC within these Eudragit E
aggregates (Figure 2, S14). Furthermore, the lag time was significantly increased at 1% Eudragit E for both,
Perphenazine and Imatinib (Figure 4, 6), whereas the other polymers had marginal lag time effects (Figures S44,
S45). This may point to slower exchange kinetics of drug substance from Eudragit E structures as compared to the
other polymers. Hence, Eudragit E’s ability of integrating TC and L into its aggregates may critically jeopardize
the solubilization of PWSD, findings which have previously suggested by others [63-65] and possibly causal to
previously observed reductions in bioavailability of PWSD in presence of Eudragit E [37, 66-68]. At higher
concentrations, these Eudragit E aggregates were not observed and soluble Eudragit E/TC/L MIM were formed.
The *H NMR TC/L signals broadened and decreased in signal intensity indicating aggregates with high molecular
density and the colloids were smaller for the Eudragit E/TC/L MIM as compared to TC/L MIM (Figure 2, 3, S8,
S9). This data confirmed previous studies reporting Eudragit E dynamics leading to either insoluble or soluble
supramolecular aggregates as a function of polymer concentration [27, 58]. Similar to Eudragit E, Soluplus - an
excipient enhancing the bioavailability of some PWSDs [68, 69] — interacted with TC/L MIM but in contrast to
Eudragit E did not show polymer concentration effects on the formation of insoluble aggregates and soluble
colloids (Figure 3). In alignment with previous reports, Soluplus impacted the size of TC/L MIM (Figure 2, S8,
S9) [70, 71]. Temperature effects in this range are particularly pronounced for Soluplus with a cloud point between
2537 °C[72]. Kollidon VA 64 and similarly HMPC-AS at a concentration of up to 0.1% had no impact on TC/L
MIM molecular structure or colloidal hydrodynamic diameters and our data indicated that pure polymer aggregates
existed separate of the TC/L MIM (Figure 2, 3). HPMC-AS at a concentration of 0.5% and 1% generated insoluble
aggregates in TC/L in PBS and in PBS resulting in turbid solutions (Figure 2, S9). Based on *H NMR we observed
a coexistence of TC/L MIM and HPMC-AS supramolecular aggregates (Figure 3, S20). Soluplus had a minor
impact on hydrodynamic diameters in DLS (Figure 2) but interacted with TC/L MIM (*H NMR; Figure 3, S25).
Future studies may further detail the resulting colloidal structures, particularly whether these structures are
supramolecular or ionic. In summary, we categorized our polymers as MIM interacting (Colesevelam, Eudragit E,

and Soluplus) or MIM non-interacting polymers (Kollidon VA 64, HPMC-AS).

We then proceeded to study the impact of either polymer category on the solubilization of drugs into TC/L MIM,
and detailed the resulting supramolecular interaction of polymer, TC/L MIM, and flux. In analogy to the polymers

(vide supra), we categorized drugs into those which interact with TC/L MIM and others that do not. Perphenazine
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and Imatinib interacted with TC/L MIM [24] whereas Metoprolol did not (Figure 1). Drug integration into the
TC/L MIM - as observed for Perphenazine and Imatinib - reduced the flux across cellulose membranes (Figure 4,
6). These effects depended on the TC/L concentration with higher TC/L concentrations (simulating fed state)
further reducing the flux (Figure S36-S38) and as described before [73]. Furthermore, flux depended on drug
substance solubility which is why we selected a concentration (1 mmol/l) resulting in Kinetically stable solutions
throughout all experimental durations (Figure S38-S43). The flux was tested across cellulose membranes, which
had previously been correlated to drug substance bioavailability [49-51]. This has been also shown for lipophilic
membranes [74, 75] but we selected cellulose membranes here to focus mostly on size exclusion. We confirmed
efficient size exclusion by the absence of visible particles or DLS determined structures (data not shown). Thereby,
the rate limiting step in our experiments were the events in the donor chamber and not in the diffusion layer
(membrane and aqueous boundary layers) for all polymers as seen with Metoprolol (Figure 8). In addition, we
excluded possible obstruction effects by the polymers in the donor compartment as demonstrated by comparable
water (HDO) diffusion in solution among the experimental conditions (Figure S35) [76, 77]. In conclusion, the
absence of polymer obstruction effects on diffusion (Figure S35), absence of polymer impact on the diffusion
across the diffusion layer as concluded from unaltered flux and lag time for Metoprolol (Figure 8, S46), we
assigned the differences in flux as discussed below (Figure 4, 6) and lag times observed for Perphenazine and
Imatinib (Figure S44, S45) directly to drug release phenomena from supramolecular structures including colloids

being present in the donor chamber.

Starting off these findings, we studied the impact of MIM interacting polymers and MIM non-interacting polymers
on these drugs in presence of TC/L MIM. This resulted in the differentiation of three distinct patterns. One pattern
was seen with (i) Colesevelam or Eudragit E (at low concentrations) reducing the available TC/L for solubilization
and consequently increasing the free drug fraction (*H NMR signal shift) and flux of the MIM interacting drugs
Perphenazine and Imatinib (Figure 4-7). An increase in free drug fraction of Perphenazine in presence of
Colesevelam — as seen by higher flux (Figure 4A) — might also be reflected by the increased diffusion coefficient
(Table S5). In contrast, the MIM non-interacting drug Metoprolol was not impacted by the presence of these
polymers (Figure 8, S33, and S34). Metaphorically, both polymers push the drugs out of the TC/L MIM and into
solution — obviously, a finding only relevant for drugs integrating into TC/L MIM. This might reduce
bioavailability of drugs and fat-soluble vitamins relying on bile related solubilization [32, 60-62]. A contrasting
pattern (ii) was observed for Eudragit E at higher concentration and Soluplus at any concentration. Both reduced

the free drug fraction (*H NMR signals shifted and decreased in intensity) and consequently the flux of MIM
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interacting but not MIM non-interacting drugs, respectively. This was in line with the formation of new colloidal
structures combining all components, the polymer, the drug, and the TC/L MIM (Figure 4-8). Signals for
Perphenazine (Figure 5) and Imatinib (Figure 7) shifted to higher ppm or lower ppm as compared to without
polymer, phenomena detailed for guest-host cyclodextrin complexes before linking shifts to higher and lower ppm
to hydrophilic and hydrophobic interaction, respectively [78-80]. Lastly, a third (iii) pattern was observed for the
polymers which did not substantially interact with TC/L MIM but formed separate aggregates (Kollidon VA 64
and HPMC-AS; Figure 3). These polymers did not (Perphenazine) or marginally (Imatinib) impact the flux of
MIM interacting (Figure 4, 6, Section S8) or MIM non-interacting drugs (Metoprolol; Figure 8). For example, in
spite of unaltered flux - hence unaltered free drug fraction - aryl-proton signal broadening of Perphenazine was
observed at 1% as compared to 0.05% HPMC-AS (Figure 5). Because of concurrent Perphenazine flux reduction
with HPMC-AS in PBS but not in TC/L in PBS, we attribute this signal broadening to drug-polymer but hot MIM-
polymer interaction, respectively, assuming that the MIM non-interacting character of the polymers does not
change in presence of drug. This interpretation would also link to previous reports, reporting improved drug
bioavailability with these MIM non-interacting polymers [50, 81, 82]. The three polymer patterns are summarized

below (Figure 9) and potentially introduce a further optimization parameter in formulation design.

TC/L MIM in PBS | polymer pattern | | polymer pattern Il | polymer pattern Ill
TC/L MIM interacting | TC/L MIM interacting |TC/L MIM non-interacting
& aggregating & soluble

7 a a

Perphenazine

@ 9 O
NOA
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o
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= — AAA A = AA
E A
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[ | ! 1.2
. free drug in insoluble drug in soluble .
drug in TC/L MIM drug polymer/TC/L MIM polymer/TC/L MIM drug in polymer

Figure 9: Illlustration of interaction patterns seen for polymers (yellow squares) with TC/L MIM (red circle) with respective
drugs. The cartoon abstracts Perphenazine’s (purple triangle) and Imatinib’s (orange triangle) relative partition into different

structures formed by polymer and TC/L MIM as seen from the flux experiments.

5. Conclusion

Efficient solubilization by bile colloids is important for the bioavailability of many PWSD, hydrophobic vitamins

or other essential components [25, 32, 50]. Hence, supporting this mechanism with properly selected polymers for
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formulation might offer advantages and lead to better performing medication. Along these lines, we identified
three patterns by which polymers impacted the molecular assembly and geometry of bile colloids and we linked
these patterns to different flux rates of PWSD. Flux rates were previously correlated to bioavailability [49-51]. For
those who wish to translate these findings into pharmaceutical application, we propose starting with the assessment
whether a PWSD is solubilized by bile or not. If not (as for Metoprolol), polymer selection is rather uncritical even
if the polymers affect TC/L molecular assembly and structure. However, if the PWSD interacts with the TC/L (as
for Perphenazine and Imatinib), polymer selection is critical. Hence, this strategy integrates into polymer selection
for maximizing the molecularly dissolved drug substance at resorption sites and extends these known strategies
by taking polymer effects on bile solubilization into account. This and other exciting formulation strategies may

unfold at this point. We summarize this approach in a preliminary decision tree (Figure 10).

( PWSD )
v

TC/L MIM
interaction
by NMR
No Yes
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Polymer effect on Polymer effect on
bile colloids likely bile colloids likely
uncritical critical
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\
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polymers
A
Y ¢
Flux in PBS
and TC/L MIM

.

Select polymer(s)
for formulation

Figure 10: Preliminary decision tree for polymer selection. We classify Colesevelam, Eudragit E, and Soluplus as critical

polymers in terms of TC/L MIM interaction, in contrast to uncritical polymers Kollidon VA 64 and HPMC-AS.
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Possibly, future algorithms may allow prediction including performances in other fluids, e.g. fed state simulating

gastrointestinal fluids and potentially biological aspirates.
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