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Abstract

Bile  colloids  containing  taurocholate  and lecithin  are  essential  for  the solubilization of  hydrophobic 

molecules  including  poorly  water-soluble  drugs  such  as  Perphenazine.  We  detail  the  impact  of  

Perphenazine  concentrations  on  taurocholate/lecithin  colloids  using  analytical  ultracentrifugation, 

dynamic  light  scattering,  small-angle  neutron  scattering,  nuclear  magnetic  resonance  spectroscopy, 

coarse-grained  molecular  dynamics  simulations,  and  isothermal  titration  calorimetry.  Perphenazine 

impacted colloidal molecular arrangement, structure, and binding thermodynamics in a concentration-

dependent  manner.  At  low  concentration,  Perphenazine  was  integrated  into  stable  and  large  

taurocholate/lecithin colloids and close to Lecithin. Integration of Perphenazine into these colloids was  

exothermic.  At  higher  Perphenazine  concentration,  the  taurocholate/lecithin  colloids  had  an 

approximately five-fold reduction in apparent hydrodynamic size, heat release was less exothermic upon 

drug integration into the colloids, and Perphenazine interacted with both, lecithin and taurocholate. In 

addition,  Perphenazine  induced  a  morphological  transition  from  vesicles  to  wormlike  micelles  as 

indicated  by  neutron  scattering.  Despite  these  surprising colloidal  dynamics,  these  natural  colloids 

successfully  ensured  stable  relative  amounts  of  free  Perphenazine  throughout  the  entire  drug 

concentration range tested here. Future studies are required to further detail these findings both on a 

molecular structural basis and in terms of in vivo relevance.
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Introduction

Bile salts are amphiphilic surfactants stored and released from the gallbladder into the duodenum along 

with other bile  components such as electrolytes,  organic  anions,  cholesterol,  and lecithin.1,  2 During 

gastrointestinal (GIT) transit, bile salts are reabsorbed up to 95%, particularly in the terminal ileum. 3 Bile 

resulting  colloids  solubilize  hydrophobic  molecules  in  the  GIT4-6,  mediating  systemic  availability  of 

essential fats and fat-soluble vitamins.7 Hence, bile colloids solubilize and are important for systemic 

availability  of  poorly  water-soluble  drugs  (PWSDs).8,  9 PWSD solubility  and  dissolution  rate  may  be 

impacted by bile colloids affecting intestinal absorption.10-12 Bile salts are hydroxylated derivatives of 

cholesterol displaying amphiphilic  patterns through planar, polar and hydrophobic surfaces, with the 

planar design contrasting the polar head - hydrophobic tail design of pharmaceutical surfactants. 13, 14 Bile 

salts show specific aggregation patterns in water, e.g. by back-to-back dimerization.15-18

The impact of bile on solubilization and gastrointestinal absorption of PWSD is frequently approximated 

by defined artificial media containing taurocholate (TC) and lecithin (L).19 Previous studies detailed the 

geometrical and molecular adaptation of bile colloids in general16, 20-25 but rarely as a function of PWSD 

concentration.26,  27 One previous study detailed the drug concentration-dependent formation of  two 

different types of TC/drug mixed micelles next to TC/L colloids.26 In contrast, concentration-dependent 

morphological changes of TC/L colloids were observed for the PWSD Imatinib.27 One yet unaddressed 

key aspect of these colloidal adaptations to PWSD concentration is the resulting amount of molecularly 

dissolved or free PWSD which, at least in instances of passive absorption, correlates with the flux across  

the GIT epithelial barrier.28 Consequently, the geometrical and molecular interaction of bile colloids at  

different PWSD concentrations and its  impact on the amount of free and colloid-bound drug are of  

immediate  pharmaceutical  relevance.  In  addition,  knowledge  of  drug-induced  changes  in  colloidal  

structures may further refine predictions of pharmacokinetic profiles29,  30, in particular for PWSD with 

bile affected bioavailability.31 We hypothesize that taking advantage of the dynamics of our endogenous 

solubilization system will be beneficial to tackle the challenging oral uptake of PWSD.28, 32-35

Here, we study the concentration-dependent impact of the PWSD Perphenazine (P) – a first-generation 

antipsychotic drug36 – on mixed TC/L colloids formed by the widely used, standardized Fasted State 

Simulated Intestinal Fluid-V1 (FaSSIF-V1). P was selected from a set of 30 drug substances (data not  

shown)  being  one  of  the  candidates  with  high  affinity  to  the  mixed  TC/L  colloids.  Molecular  and  

structural interactions were characterized by  1H Nuclear Magnetic Resonance (1H NMR) spectroscopy 

and  1D  selective  Nuclear  Overhauser  enhancement  spectroscopy  (NOESY).  Furthermore,  colloidal  
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dynamics,  drug  distribution  into  TC/L  colloids,  and  resulting  free  PWSD were  studied  by  analytical  

ultracentrifugation  (AUC),  dynamic  light  scattering  (DLS),  zeta  potential  measurements,  small-angle 

neutron scattering (SANS) and further detailed thermodynamically by isothermal titration calorimetry 

(ITC).  The integration of  Perphenazine into  the mixed TC/L  colloids  was further  studied  by  coarse-

grained molecular dynamics simulations. 

Experimental Section

Materials

FaSSIF powder was purchased from Biorelevant.com (London, UK). Deionized, purified water (Millipore  

water)  was  generated  by  a  Millipore  purification  system  from  Merck  (Darmstadt,  Germany). 

Perphenazine  (99%),  deuterated  water  (D2O,  99.9%  D)  containing  0.05%  3-(trimethylsilyl)propionic-

2,2,3,3-d4 sodium salt  (TSP-d4),  40% sodium deuteroxide  in  deuterated  water  (NaOD,  99% D),  35% 

deuterium chloride in deuterated water (DCl, 99% D), sodium chloride (99%), and monobasic sodium 

phosphate monohydrate (99%) were purchased from Merck. Hexadeuteriodimethyl sulfoxide (DMSO-d 6, 

99.8% D) was purchased from Euriso-top (Saarbrücken, Germany) and deuterated water (D2O, 99.9% D) 

from Deutero (Kastellaun, Germany). All other standard chemicals and laboratory consumables, if not 

otherwise stated, were purchased from either VWR International GmbH (Ismaning, Germany) or Merck.

Media preparation

Modified phosphate buffered saline with a pH value of 6.5 (hereinafter referred to as PBS – identical  

with FaSSIF-V1 without taurocholate and lecithin) and FaSSIF-V1 (hereinafter referred to as FaSSIF) were  

prepared  according  to  the  protocol  of  Biorelevant.com.  For  AUC,  DLS,  equilibrium  solubility  

determination, ITC, UV-Vis and zeta potential measurements Millipore water, and for NMR and SANS 

measurements deuterated water, was used. As described before, pD of PBS in deuterated water was 

adjusted using a previously reported correction factor and DCl and NaOD.37

Sample preparation for NMR, zeta potential, AUC, DLS, UV-Vis, and SANS 

Amber vials and glassware were used for Perphenazine samples and light protection was ensured by 

aluminum foil  wrapping.  DMSO stock solutions of  Perphenazine were added to FaSSIF  to achieve a 

nominal drug concentration of up to 0.5 mM, and a maximum of 1.0% (v/v) DMSO. Deuterated DMSO 

was used for NMR experiments. Samples with respective medium (PBS or FaSSIF) were shaken for 120 

min, at a temperature of 298 K, with a shaking speed of 750 rpm on a Thermomixer F1.5 (Eppendorf,  
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Hamburg, Germany), followed by an equilibration phase for 180 min, at a temperature of 298 K without  

shaking. 

NMR spectroscopy 
1H  NMR  spectra  were  recorded  on  a  Bruker  Avance  400  MHz  spectrometer  (Karlsruhe,  Germany) 

operating at 400.13 MHz with a BBI BB-H 5 mm probe head and at a temperature of 300 K. For 1H NMR, 

acquisition parameters were set to 1024 scans with 32 dummy scans, a flip angle of 30°, a spectral width 

of 20.55 ppm, and a transmitter offset of 6.175 ppm. The acquisition time was 3.985 s followed by a  

relaxation delay of 1.0 s and collecting 64,000 data points at a sample spinning frequency of 20 Hz. Data  

was processed with TopSpin 4.0.6 (Bruker BioSpin). An exponential line broadening window function of 

0.3 Hz was applied. An automatic baseline correction and manual phasing was performed.

Selective NOESY NMR spectra were recorded at a temperature of 300 K on a Bruker Avance III HD 600 

spectrometer operating at 600.13 MHz equipped with a DCH 13C/1H cryoprobe with z gradient, and by 

using  the  gradient  enhanced  pulse  sequence  “selnogp”.38 For  1D-NOESY  spectra,  the  acquisition 

parameters  were set  to a spectral  width of  22.04 ppm and a transmitter offset of  7.000 ppm. The  

acquisition time was 2.477 s followed by a relaxation delay of 0.2 s and collecting 65,536 data points. For 

the  selective  inversion  a  “Gaus1_180r.1000”  shape  was  chosen.  Pulse  powers  and  lengths  were 

calculated using the “selau” program. The quality of the selective excitation was confirmed by recording  

a proton spectrum using the “selgpse” pulse program. For 0.1 mM Perphenazine in FaSSIF, the excitation 

frequency was set to 7.04 ppm with an excitation range of 456 Hz. For 0.5 mM Perphenazine in FaSSIF,  

the excitation frequency was set to 6.99 ppm with an excitation range of 399 Hz. The mixing times were  

chosen  at  a  time of  20  ms,  40  ms,  and  60  ms  to  rule  out  that  spin  diffusion  interferes  with  the  

measurements. 

Zeta potential measurements

Zeta potential measurements were performed by electrophoretic light scattering using Delsa Nano HC 

particle analyzer (Beckman Coulter, Brea, CA) using a pinhole of 50 µm and a scattering angle of 15 ° at a 

temperature of 298 K. Samples were tested in a flow cell at a fixed voltage of 60 V and a base frequency  

of  115-140 Hz.  All  measurements  were performed in  triplicate.  Each measurement  consisted of  10 

accumulations at five cell positions (0.70, 0.35, 0.00, -0.35, -0.70 mm) and three repetitions each. The  

zeta potential was calculated by the conversion equation of Smoluchowski using a dynamic viscosity of 

0.9227 mPas and a refractive index of 1.333 as measured for FaSSIF and an assumed dielectric constant  

of 78.5. Density and viscosity were determined using an Automated Microviscometer (Anton Paar, Graz,  
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Austria) at a temperature of 298. The refractive index of FaSSIF was measured by an Abbe refractometer  

from Carl Zeiss (Oberkochen, Germany) at a temperature of 298 K. System performance was ensured by 

using polystyrene latex particles from Otsuka Electronics Co., Ltd. (Osaka, Japan). 

Molecular dynamics

Molecular dynamics (MD) simulations were performed using the GROMACS 2020.1 software package39, 40 

and the Martini force field version 2.2.41 The starting system was a cubic box with side lengths of 25 nm 

filled  with  non-polarizable  Martini  water,  to  which  lecithin  (L,  i.e.  1-Palmitoyl-2-

linoleoylphosphatidylcholine, or PIPC), taurocholate (TC) and Perphenazine (P) were added to randomly 

chosen positions replacing as many water molecules as needed. Two systems were set up, the first 

containing  1,250  L  and  185  TC  molecules.  Starting  from  a  random  distribution  of  L  and  TC  at  

concentrations of ≈ 150 mM and ≈ 23 mM, respectively, the formation of mixed vesicles was followed in 

ten independent simulations of 10 µs length each in the first system. The concentration and number of L  

molecules were chosen to allow for the formation of vesicles with a radius of ca. 7-10 nm. The TC:L ratio  

in the simulation system was reduced with respect to FaSSIF in order to take the increased membrane 

binding of TC in CG simulations into account. The second system additionally contained 90 randomly  

distributed P molecules (≈ 11 mM) and was studied conducting twenty simulations of 10 µs length each.  

Owing to the negative total charge of taurocholate, NA+ particles were added to neutralize the system.  

Periodic boundary conditions were applied. 

For initial energy minimization, 5,000 steps of the steepest descent algorithm were performed, followed 

by  equilibration  runs  with  increasing  time  steps,  starting  at  1  fs  to  20  fs.  Production  runs  were 

performed at 320 K and 1 bar for 10 µs with a time step of  ∆ t  = 20 fs.  Temperature and pressure 

coupling were achieved using the v-rescale thermostat and the isotropic Parrinello-Rahman pressure  

coupling scheme with coupling constants 𝜏T = 1.0 ps and 𝜏P = 12.0 ps.

The topology of L was taken from the Martini website (PIPC, cgmartini.nl). For TC, a model adapted from 

the Martini cholesterol topology was used as previously reported42: Starting from cholesterol, one SC1 

and one SC3 Martini bead were replaced by two SP1 particles to model the effect of the additional 

hydroxyl groups in TC. An additional Qa particle was introduced to model the taurine group. 42 Here, we 

additionally  changed  the  CG  particle  preceding  the  taurine  from  C1  to  P3  (Figure  S1A).  For  the 

parameterization of P (Figure S1B), the CHARMM-GUI Ligand Reader & Modeler43 was used to obtain 

initial all-atom coordinates that were mapped to a coarse-grained representation according to the four-

to-one mapping rule of  heavy atoms in Martini.  Bonds,  angles,  dihedrals  and force constants were  
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manually adapted to generate stable starting structures for the simulations. To prevent excessive self-

aggregation of P in the Martini model, the Lennard-Jones potential for the SC4 and SC5 beads within the  

phenothiazine ring-system was chosen to be semi-repulsive.

Equilibrium solubility determination 

The equilibrium solubility of Perphenazine was determined by the shake flask method. 4 to 5 mg of  

Perphenazine was weighed into a 2.0 mL amber reaction vial, and 1.5 mL of PBS or FaSSIF were added.  

Samples were shaken with respective medium (PBS or FaSSIF) for 24 h at a temperature of 298 K and a  

shaking speed of 750 rpm on a Thermomixer F1.5.  After shaking, samples were centrifuged at 13,400 

rpm for 10 min with a MiniSpin centrifuge (Eppendorf). The pH value was measured. Supernatants were  

afterward diluted 1:5 with acetonitrile (ACN, 99.9%, v/v) containing 0.1% (v/v) trifluoroacetic acid (TFA). 

Measurements were performed in triplicate. Samples were analyzed on an Agilent 1260 infinity II HPLC 

(Waldbronn, Germany) using a Synergi 4 µm Hydro-RP18 80 Å 150 x 4.6 mm LC column (Phenomenex, 

Aschaffenburg,  Germany).  The  device  was  equipped with  a  variable  wavelength  detector  (G7114A, 

Agilent), an automatic vial sampler (G7129C, Agilent), a pump (G7104C, Agilent), and a multicolumn 

oven (G7116A, Agilent). Mobile phase A was Millipore water with 0.1% (v/v) TFA. Mobile phase B was  

ACN (99.9%, v/v) with 0.1% (v v) TFA. The flow was set to 1 mL/min, the injection volume was 50 µL, and 

the detector was set to a wavelength of λ = 255 nm. The linear gradient started at 20% ACN (v/v) in the 

mobile phase to 100% within 6 min. 100% ACN was held constant for 4 min, and then the mobile phase  

composition was adjusted back to 20% ACN in the mobile phase within 1 min. After a 4 min column 

equilibration time, the next elution experiment was started.

AUC

Sedimentation velocity AUC experiments were performed with an OPTIMA XL-I AUC (Beckman Coulter)  

utilizing a refractive index and absorbance detector, and an eight-hole rotor (An-50 Ti) operated at a  

speed of 42,000 rpm. The ultracentrifuge cells contained double-sector epon centerpieces and were 

equipped with sapphire windows. The optical path length of the solution in the cells for detection was  

12 mm. The ultracentrifuge cells were filled with 420 µL of sample solution and with 440 µL of solvent 

PBS in the reference sector. Pure FaSSIF as well as Perphenazine solutions in FaSSIF were investigated. 

Next to universal refractive index detection, the wavelength of the absorbance optical detection system 

was set to λ = 309 nm, being representative of Perphenazine.  A different wavelength was used for  

detection here as in the HPLC experiments based on AUC pilot experiments. These demonstrated that at  

this  wavelength Perphenazine quantification was possible  over  the entire  drug concentration range  
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while in presence of taurocholate and lecithin. Sedimentation velocity experiments were performed for  

a typical 24 h with a radial sedimentation profile scan acquired every three minutes. Sedimentation 

velocity data were analyzed with Sedfit using the ls-g*(s) model, i.e. by least squares boundary modeling  

by assuming non-diffusing species.44 Results from this model can be considered representative of the 

average velocities of sedimentation boundaries, in agreement to more detailed modelling.45

DLS

DLS experiments were performed with a DelsaNanoHC particle analyzer from Beckman Coulter with the  

backscattering monitored at an angle of 165°. The unfiltered samples were measured in disposable 1.5  

mL UV-Cuvettes (Brand, Wertheim, Germany) in triplicate with an accumulation of 70 scans. Data was  

analyzed by the CUMULANT method.46 The Z-average hydrodynamic size was evaluated with a refractive 

index of 1.333 for all samples which was determined for FaSSIF using an Abbe refractometer (Carl Zeiss,  

Oberkochen, Germany). The hydrodynamic diameter was calculated using a dynamic viscosity of 0.9227 

mPas for FaSSIF. Density and viscosity were determined using an Automated Microviscometer (Anton 

Paar, Graz, Austria). Measurements were performed at a temperature of 298 K for all experiments, i.e.  

identical to the AUC measurements.

UV-Vis measurements

Samples were measured in standard quartz cuvettes with a solution path length of 1 cm. Extinction was 

measured on an Evolution 201 UV-Visible Spectrophotometer from ThermoFisher Scientific (Waltham, 

MA) at a wavelength of λ = 499 nm to detect scattering. The baseline was normalized according to the 

solvent  PBS.  Measurements  were carried out  in  triplicate.  In  addition,  a  full  spectrum of  0.15 mM 

Perphenazine in PBS was recorded (Figure S2). 

SANS

SANS experiments were performed with the D11 SANS instrument at the Institut Laue – Langevin (ILL,  

Grenoble, France).47 Three instrument configurations were employed at a fixed neutron wavelength of 6 

Å and a full width at half maximum of 9%. The sample-detector distances were 1.4 m, 8 m, and 39 m  

with collimation distances of 8 m, 8 m, and 40.5 m, respectively. Thus, a wide range of momentum 

transfer q from 0.002 1/Å to 0.4 1/Å was covered, with q being the range of momentum transfer which 

depends  on  both  the  scattering  angle  2θ  as  well  as  the  neutron  wavelength  λ  according  to  

q = 4*π*sin(θ)/λ. The neutron beam footprint was 15 mm in diameter, and the samples were confined 

in Hellma cuvettes of type 120-QS with a path length of 2 mm. Scattered intensities were recorded with 
3He MWPC detector (CERCA) with 256 x 256 pixels of 3.75 mm x 3.75 mm pixel size. The data sets were  
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reduced using the facility provided software LAMP, put on absolute scale using a 1 mm H 2O cuvette as 

secondary calibration standard (d∑/dΩ = 0.983 1/cm) and azimuthally averaged. The scattering curves of 

pure FaSSIF  and of 0.3 mM Perphenazine in FaSSIF were recorded.  The solvent scattering has been 

measured  and  subtracted  from the  sample  data.  The  data  were  fitted using  the  SasView software  

package (www.sasview.org) and the instrumental resolution has been taken into account.

ITC

Thermodynamic signatures were studied using an iTC 200 (GE Healthcare, Buckinghamshire, UK). The  

cell was filled with 200 µL FaSSIF and 37.7 µL of 2.4 mM Perphenazine in FaSSIF were injected to the  

measurement  cell  in  steps  of  1.5  µL  within  3  s  time  intervals  and  at  intervals  of  300  s,  all  at  a  

temperature of 298 K and stirring in the cell at 300 rpm. The first delivery had a volume of 0.2 µL, with a  

followed injection after 150 s, by lasting 0.4 s. As good practice, the first injection was excluded from the 

analysis to minimize cell system equilibration artefacts.48 As a blank, titration of FaSSIF into FaSSIF was 

utilized. Another titration was performed. Here, a tenfold concentrated FaSSIF (30 mM TC and 7.5 mM L  

in PBS) was added to PBS aiming at addressing thermodynamics of colloid dynamics. In addition, a fourth 

titration was conducted in which 2.4 mM Perphenazine in FaSSIF  was added gradually  to 0.35 mM  

Perphenazine in FaSSIF in order to cover the entire concentration range studied here. The ITC data were  

analyzed using the Microcal Origin 7.0552 software (OriginLab Corporation, Northampton, MA). 

Statistics

Differences in Z-average hydrodynamic sizes between measurements and zeta potentials were analyzed 

by a one-way ANOVA followed by post hoc Tukey test. Solubility comparisons were done by Student’s t-

test; p-values ≤ 0.05 were considered statistically significant.

Results and Discussion

A 1H NMR reference spectrum of Fasted State Simulating Intestinal Fluid (FaSSIF), consisting of 3.0 mM 

taurocholate (TC; Figure 1A) and 0.75 mM lecithin (L;  Figure 1B) in phosphate-buffered saline (PBS) at 

pH 6.5 (Figure 1C) was recorded.27 Perphenazine (P; Figure 1D) signals were assigned (Figure 1E, S3). P’s 

aryl-proton signals  broadened,  shifted to lower  ppm values  (chemical  shift is  referred to as  δ) and 

decreased in intensity with TC/L colloids present when compared to PBS only, indicating P integration 

into the TC/L colloids. (Figure 1F).
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Figure 1. (A) Structure of taurocholate (TC) and (B) lecithin (L). (C) 1H NMR spectrum of FaSSIF with signal 
assignment as previously reported.27 (D) Structure of Perphenazine (P). (E) 1H NMR spectrum of 0.5 mM 
Perphenazine in PBS with signal assignments. (F) Aryl-region of Perphenazine 1H NMR spectra in FaSSIF 
(top) and PBS (bottom; dotted lines indicate shifts to lower ppm values).
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We now studied the molecular interaction of TC/L colloids with increasing P concentration (Figure 2A, 

S4).  Phosphatidylcholine (L H1/2) or olefinic proton (L db) signals were not shifted by P. All L signals 

sharpened particularly L H4. For TC, the methylene signals H23/25/26 sharpened at 0.5 mM P. Shifts to 

lower ppm values were observed for L H4 and TC H12/7/3 (Figure S5, zoom in Figure 2A), and TC H19/18 

(Figure S6, zoom in Figure 2A). 1D selective NOESY NMR spectra with selective excitation of the P aryl-

protons were recorded for 0.5 mM P (top) and 0.1 mM P (center) and are displayed with the FaSSIF 

assignments from Figure 2A as the reference (bottom; Figure 2B, S7). NOE signals arise from protons in 

close spatial proximity to P aryl-protons. At 0.5 mM P but not 0.1 mM P, we observed interaction of P’s  

aryl-protons with L H4 (3.25 ppm), TC H26 (3.05 ppm), P-P self-interaction at P H13-H 20 (2.7 to 3.0 ppm), 

TC H23 (2.2 to 2.4 ppm) and TC H21/19/8 (0.6 to 1.0 ppm). Only at 0.1 mM P, broad unassigned NOE  

signals (2.5 to 3.5 ppm) and a solvent signal from HDO (4.8 ppm) occurred. At both concentrations, 0.1  

mM and 0.5 mM, the following interactions were detailed.  P’s aryl-protons interacted with L db (5.3  

ppm)  and  P-P  self-interaction  was  observed  at  P  H11/21  (3.7  to  4.1  ppm)  while  P’s  aryl-protons 

interacted with other unassigned L protons (1.2 to 1.4 ppm). To rule out effects of spin diffusion, spectra  

with  three  different,  short  mixing  times  were  recorded.  Spin  diffusion  was  observed  for  the  P-P 

interaction at 3.9 ppm only (Figure S8, S9). 

The zeta potential of the mixed TC/L colloids formed in FaSSIF was -27.6 ± 0.8 mV ( Figure S10) and in 

line with previous reports.49 P loading up to 0.5 mM did not impact surface charge of the colloidal 

structures, possibly reflecting P integration into the colloids and away from their outer surface. In order 

to  detail  these  finding,  we  performed  coarse-grained  (CG)  molecular  dynamics  (MD)  simulations. 

Resulting models suggested preferential binding of the bulky TC to the outer surface of the TC/L vesicles,  

which were formed after a simulation time of 1400 ns (Figure S11). P supplementation to these TC/L 

systems resulted in similar colloid shapes as compared to the drug-free systems. However, in contrast to  

TC, P preferentially bound to the inner vesicle leaflet, while L and TC orientation was virtually unchanged  

as compared to drug-free conditions. P was incorporated in the hydrophobic bilayer core with its polar  

piperacyl part pointing towards the lipid head groups while the phenothiazine ring was surrounded by  

the lipids’ hydrocarbon chains (Figure S12). That said, P adopted the conformation of an inverted cone 

within  the  membrane,  accomodating  to  the  convex  curvature  of  the  inner  leaflet.  These  modeling  

insights  were  experimentally  supported  by  a  stable  zeta  potential  with  increasing  P  (Figure  S10). 

Furthermore,  simulated  positions  were  congruent  with  spectroscopic  findings  detailing  the  

incorporation of P into the membrane of the mixed TC/L colloids and P’s affinity to L (Figure 1, 2, S12). 
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Figure 2. (A) Extracts from 1H NMR spectra of TC/L colloids as a function of Perphenazine concentration.  
Red boxes (TC) and green lines (L) highlight signal sharpening for TC H25/26/23 and for L db, L H1/2/ 4,  
respectively.  Red  (TC)  and  green  (L)  dotted  lines  represent  shifts  to  lower  ppm  values  for  TC  
H12/7/3/19/18 and L H4, respectively.  (B) Extracts from 1D NOESY spectra of 0.1 mM and 0.5 mM  
Perphenazine concentration with TC/L with selective excitation at ca. 7 ppm and a mixing time of 60 ms 
colloids (1H NMR spectrum of FaSSIF is from Figure 1C and used for reference; red, green, blue, and grey  
boxes indicate NOE signals for TC, L, P, and unassigned signals respectively).
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Equilibrium solubility of P was 0.86 ± 0.19 mM in PBS and significantly increased to 2.46 ± 0.42 mM in  

FaSSIF. The pH value increased very slightly from 6.51 ± 0.01 to 6.54 ± 0.02 in PBS, and 6.72 ± 0.01 in 

FaSSIF, respectively.  Previous studies linked PWSD solubilization into TC/L colloids to reduced passive 

transcellular permeation across the intestinal epithelial membrane.28, 50

We  further  studied  the  colloidal  dynamics  by  AUC  and  DLS.  Sedimentation  velocity  profiles  were 

numerically  approximated  using  SEDFIT  and  the  least-squares  boundary  model  without  considering 

diffusion  effects  (ls-g*(s)).44 Detection  was  performed  by  either  the  refractive  index  in  terms  of 

interference fringes or absorbance detector in terms of optical density (OD), also allowing colocalization 

of components in colloidal species.51 The relative species concentrations were estimated by integration 

of  differential distributions of  sedimentation coefficients or,  alternatively,  by comparing the plateau 

intensities  of  sedimentation  velocity  scans  among  colloidal  species.  One  example  illustrating  this 

approach was a two-step sedimentation profile reflecting two colloidal species as recorded for 0.2 mM P  

in  FaSSIF  (Figure  S13).  Either  read-out  -  refractive  index  or  absorbance  detection  –  resulted  in 

comparable outcome for the species sedimentation coefficient (Figure S14).  We also confirmed that 

results were independent of the used cell (Figure S15), and confirmed the overall mass balance in the 

AUC cells as observed for P (Figure S16). One fraction of colloidal structures was observed in pure FaSSIF 

at about 25 S (Figure 3A), in line with previous reported analysis by flow field-flow fractionation.52 At 

0.05 mM P, one colloid species was identified at about 33 S. Further increase in P concentration to 0.20 

mM resulted in larger colloidal structures (at about 49 S) coexisting with small colloids (at about 6 S). At  

0.5 mM P, the larger colloidal structures disappeared and only small colloids were observed at about 4 S.

At  ≤ 0.05  mM  P,  relatively  large  colloids  were  observed  with  apparent  sedimentation  coefficients 

between ca. 23 to 33 S (Figure 3B). At 0.05-0.25 mM P, large colloids were observed with ca. 30 to 47 S 

alongside with a small colloid fraction having sedimentation coefficients located at ca. 3-5 S. At ≥ 0.25 

mM  P,  the  large  colloidal  structures  were  entirely  replaced  by  small  colloidal  structures  with 

sedimentation coefficients of ca. 4–7 S. These geometrical adaptations were also studied by dynamic 

light scattering (DLS).  Corroborating the AUC findings, the Z-average hydrodynamic diameter initially  

increased from 54.6 ± 3.3 nm (mean ± standard deviation of three independent measurements; PDI  

0.022 ± 0.023) observed in FaSSIF to 70.0 ± 1.4 nm (PDI 0.103 ± 0.028) at 0.20 mM P ( Figure 3C). At 0.30 

mM P, a high polydispersity was recorded (PDI 0.246 ± 0.027, Figure S17) along with an up to approx. 

five-fold  reduction in  apparent  hydrodynamic  size  at  higher  P  concentrations.  The  P  concentration 
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dependent decrease in colloidal size was also reflected by decreased light scattering probed at λ = 499 

nm (Figure S18). 

Figure  3.  (A)  Differential  distribution  of  sedimentation  coefficients,  ls-g*(s),  in  FaSSIF  at  selected 
Perphenazine  concentrations  and  (B)  sedimentation  coefficients  of  species  throughout  the  overall  
Perphenazine concentration range as determined by analytical ultracentrifugation utilizing a wavelength 
of λ = 309 nm. (C) Z-Average hydrodynamic diameter from DLS with polydispersity index (PDI) in FaSSIF 
at  different  Perphenazine concentrations (mean  ± SD,  ANOVA followed by  Tukey  post-hoc pairwise 
comparison  compared  Z-average  hydrodynamic  diameters).  (D)  Apparent  optical  density  (OD)  at  a  
wavelength of λ = 309 nm of different Perphenazine concentrations in the species mixtures determined 
by  AUC  and  derived  from  the  areas  under  the  curve  of  differential  distributions  of  sedimentation  
coefficients  together  with  apparent  total  ODs  (sum of  all  species).  Total  OD (red)  and  OD  of  free  
Perphenazine (blue) increased with the Perphenazine concentration.

The amount of P was analyzed at λ = 309 nm in the various population fractions (Figure 3D). Initially, P 

did not impact the colloid size found in pure FaSSIF and distributed into these relatively large colloidal  

structures. Within the transition zone, characterized by coexistence of small and large colloids (0.05  

mM-0.25 mM P), the location of P branched out into the small and large colloidal structures with about  

equal apparent concentration at 0.2 mM P, respectively (Figure S13). 
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We  further  detailed  these  AUC  findings  by  SANS  experiments,  selecting  two  characteristic  P 

concentrations, absence of P and 0.3 mM as of the high polydispersity seen in DLS experiments for the  

latter. For pure FaSSIF, the scattering curve fitted to a vesicle form factor model with a core radius of  

28.4 nm and a shell thickness of 2.75 nm (Figure 4, Table 1), corroborating previous reports.22,  42 The 

core radius but not shell thickness – fitted to a lognormal distribution – was polydisperse. At 0.3 mM P,  

the scattering curve did not  fit  to a  one-form model.  The first  minimum and maximum – although 

smeared  –  were  located  at  a  scattering  vector  q  of  ca.  0.01  1/Å  and  ca.  0.014  1/Å,  respectively.  

Exceeding q values of ca. 0.02 1/Å changed the intensity decay and indicating elongated particles. The 

low q parts of the scattering curves were similar for pure FaSSIF and FaSSIF with 0.3 mM P, suggesting  

two distinct populations existing at 0.3 mM P, a vesicular one and an elongated one. The data was fitted 

using a sum of two form factor models, namely of vesicles and of elongated structures. For the latter we 

assumed a wormlike micellar structure (referred to as flexible cylinder in SasView). Such structures were 

previously reported for comparable systems.22-25 Taken together, supplementation of 0.3 mM P shrank 

vesicles  as  compared  to  pure  FaSSIF  resulting  in  an  apparent  core  radius  of  14.3  nm  and  a  shell  

thicknesses of 3.6 nm. The flexible cylinder of the wormlike structures had a radius of 2.3 nm and a total  

cylinder length of 357 nm. The outcome for cylinder length is preliminarily, as it is calculated from the 

mid and low q part of the scattering curve, a region dominated by the vesicle form factor confounding 

the cylinder scattering contribution and, therefore, the readout for cylinder lengths. The calculated Kuhn 

length of the wormlike structures was 16.8 nm. These wormlike structures were not observed by AUC.  

Future experiments with  varying  P concentration are planned to further  detail  these morphological  

transition  from vesicles  into wormlike  micelles.  In  addition,  these future  experiments  may allow to 

revisit the fitting procedure based on more scattering curves spanning a wider P concentration range. 

Taken together, DLS, AUC, and SANS outcome suggested P induced morphological changes form larger 

vesicles in pure FaSSIF to smaller vesicles and co-existing wormlike structures.

15



Figure  4. Experimental SANS profiles of pure FaSSIF (grey circles) and 0.3 mM Perphenazine in FaSSIF 
(blue circles). The resulting model fits are shown by full lines.

Table 1. SANS fitting parameters. A vesicular structure was fitted to the SANS profile for pure FaSSIF, in 
case of  0.3 mM Perphenazine in FaSSIF  both vesicles as well  as elongated micellar  structures were  
assumed for the fitting procedure. Error bars refer to the uncertainty in the fitting procedure.

Fitting parameters Pure FaSSIF 0.3 mM Perphenazine in FaSSIF

Vesicle radius [nm] 28.4 ± 0.013 14.4 ± 0.5

Polydispersity of radius 0.128 ± 0.00037 0.28

Vesicle shell thickness [nm] 2.75 ± 0.007 3.6 ± 0.9

Cylinder length [nm] 357 ± 5

Kuhn length [nm] 16.8 ± 0.2

Cylinder radius [nm] 2.3 ± 0.02

χ² fitting curve 11.7 95
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Based on these experiments, we defined four regions for further studies. Region I is pure FaSSIF, region 

II the region in which only larger colloidal structures were found, region III  in which large and small  

colloidal structures identified concomitantly, and region IV with only small colloidal structures. In spite  

of these quite substantial morphological changes, the concentration of free P found in the supernatant  

increased linearly with the P supplementation (Figure 3D), suggesting that  the colloid-water partition 

coefficient of P was independent on colloidal morphologies. Initially, we hypothesized differences in the 

ratio  of  bound  P  to  free  P  as  a  function  of  changing  morphologies  ,  for  example  reflecting  

supersaturation with decreasing vesicular radii53 or effects of a larger surface area .

The interaction of P and FaSSIF was further characterized by isothermal titration calorimetry (ITC; Figure 

5). Throughout all regions I to IV, increasing P reduced the initial exothermic signal from -0.73 to -0.23  

µcal/s  (Figure 5, top).  Furthermore, we observed second negative spikes following the initial spikes in 

region III (0.05 to 0.25 mM P). Arguably, we hypothesize that the initial heat signal reflected interactions 

of  P  meeting  the  colloidal  surfaces  and  the  second  signal  reflecting  the  resulting  morphological  

adaptation.  Although speculative at  this  point,  the appearance of  second spikes  in  phase III  would  

coincide the morphological transition as seen by DLS, AUC, and SANS. Regarding enthalpy change, region 

II changed from -9.80 µcal to -9.95 µcal at 0.02 and 0.04 mM P, respectively (Figure 5, bottom). In region 

III, the exothermic signal changed from -10.22 through -14.60 to -5.03 µcal at 0.06, 0.15, and 0.24 mM P,  

respectively. In region IV, the decrease of the exothermic signals continued, leading to -2.92 µcal at 0.38 

mM P and did not change substantially, thereafter (Figure S19). Our interpretation of the enthalpy curve 

is qualitative for two reasons, firstly because the TC/L colloids were not saturated with P and secondly as  

the heat reflecting colloidal dynamics confounded heat signals resulting from immediate interactions of  

P. Nevertheless,  the  exothermic  signals  in  region  II  as  compared  to  region  IV  pointed  to  stronger  

intermolecular interaction between P and TC/L, a finding corroborated by NMR detailing P-L interaction  

(Figure 2B) and coarse-grained modeling of P loaded vesicles (Figure S12). Control titrations of FaSSIF to 

FaSSIF marginally impacted averaged enthalpy changes for each injection (-0.11 ± 0.02 µcal; Figure S20). 

In  additional  control  experiments,  a  10  fold  concentrated  FaSSIF  was  titrated  into  PBS  with  an 

exothermic signal (Figure S21), experiments which were previously linked to a vesicular size reduction.22, 

54
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Figure 5. ITC data resulting from titration of a Perphenazine stock solution in FaSSIF to FaSSIF. The top  
graph shows the raw data of the reference power and the bottom graph shows the calculated enthalpy  
data, which was divided into four regions in accordance with Figure 3D.

In summary, P impacted the molecular arrangement, mobility, structure, and binding thermodynamics 

of TC/L colloids (Figure 2-5), effects which we separated into four regions. In absence of P (region I) we 

observed one fraction of pure TC/L vesicles (Figure 3A, 4) with a Z-average hydrodynamic diameter of 

54.6  ± 3.3 nm from DLS (Figure 3C) and in line with previously reported small-angle X-ray scattering 

data.42 At low P concentration (0.05 mM; region II), P inclusion did not impact colloidal structure (Figure 

2A),  but we observed an increase in sedimentation coefficients as compared to lower concentration 

(Figure 3A, 3B). In region III (0.05 to 0.25 mM), large and small colloidal species coexisted (Figure 3B, 3D) 

with P being integrated into stable structures mainly being associated with L (Figure 2B). Lastly, within 

region IV (0.25 mM and higher P), P was integrated into smaller TC/L colloids consisting of coexisting 

vesicles and elongated structures within  which P was more mobile and associated with both, TC and L  
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(Figure  3A,  4,  2B).  These  patterns  observed  for  the  natural  TC/L  colloidal  systems  (Figure  6)  are 

contrasting to colloids from synthetic pharmaceutical polymers (e.g. sodium dodecyl sulfate or Pluronic  

F127), which either show no or very limited drug-concentration dependent dynamics.55, 56

So far, the in vivo relevance of our findings remains unclear. Future experiments in aspirated intestinal  

fluids along with flux studies across excised intestinal biopsies will further push the outcome on the  

structural and geometrical colloidal dynamics reported here.

Figure 6. Schematic representation of colloidal dynamics as a function of Perphenazine concentration. 

Conclusion

The  supplementation of  Perphenazine  to  taurocholate/lecithin  colloids  changed  hydrodynamic  size, 

geometry, enthalpy, molecular interaction, and molecular mobility. Despite these dynamics , the relative  

amount  of  free  Perphenazine  remained  constant.  These  findings  point  to  a  remarkable  structural 

adaptability of the natural colloids toward solubilization challenges providing an intriguing mechanism 

to keep a key parameter constant – the relative free concentration of poorly water-soluble drugs.
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