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ABSTRACT

The permeation of small molecules across biological membranes is a crucial process that lies
at essence of life. Permeation is involved not only in the maintenance of homeostasis at the cell
level but also in the absorption and biodistribution of pharmacologically active substances
throughout the human body. Membranes are formed by phospholipid bilayers that represent an
energy barrier for the permeating molecules. Crossing this energy barrier is assumed to be
a singular event and permeation has traditionally been described as a 1% order kinetic process,
proportional only to the concentration gradient of the permeating substance. For a given
membrane composition, permeability was believed to be a unary property dependent only on
the permeating molecule itself. We provide experimental evidence that this long-held view
might not be entirely correct. Liposomes were used in co-permeation experiments with
a fluorescent probe, where simultaneous permeation of two substances occurred over a single
phospholipid bilayer. Using an assay of six commonly prescribed drugs, we have found that the
presence of a co-permeant can either enhance or suppress the permeation rate of the probe
molecule, often more than two-fold in each direction. This can have significant consequences
for the pharmacokinetics and bioavailability of commonly prescribed drugs when used in
combination and provide a new insight into so-far unexplained drug-drug interactions, as well

as changing the perspective on how new drug candidates are evaluated and tested.
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INTRODUCTION

Membrane permeability and water/membrane partitioning coefficient are two key parameters
determining the biodistribution and bioavailability of drugs. They affect the absorption of
a drug upon administration (oral, transdermal, inhalation), its subsequent distribution in the

body and accumulation in individual organs and tissues.

The rate at which a given molecule permeates across a membrane depends on the energy barrier
represented by the tightly packed phospholipid bilayer. The structure of the lipid bilayer can be
influenced by the presence of other, non-permeating molecules. This phenomenon is called
permeability enhancement and has been studied extensively with regard to skin'® or intestinal?’
permeability. Examples of simple permeation enhancers include ethanol, oleic acid, or dimethyl
sulfoxide, but new enhancers and enhancement mechanisms are being actively investigated?!-?2.
An opposite phenomenon — permeation retardation — remains rather unexplored although its

biological and pharmacological implications can be just as important®?

. The ability to suppress
the permeation rate of specific compounds could, for example, enable previously rejected drugs,
which were found to be too “leaky” and thus unsuitable for liposomal formulation®*, to be
revisited. Not being aware of permeation enhancement or permeation suppression caused by
a medicinal substance that was not a priori meant to do so, could be problematic especially in
the context of the so-called polypharmacy patients, who are simultaneously prescribed many

(typically five or more) medicines simultaneously.

The permeability of a substance across a membrane of given composition has been traditionally
assumed to depend only on the properties of the molecule itself (charge, lipophilicity, molar
weight, etc.). In textbooks, permeation is described as 1% order kinetic process, proportional
only to the concentration gradient of the permeating molecule alone. Experimental and
computational permeation results have so far been interpreted in a way that assumed
permeability to be a unary property. However, there is an increasing body of scientific literature
pointing at potential drug-drug interactions in polypharmacy patients, many of whom are
systematically over- or under-dosed due to significantly different bioavailability profiles when
some drugs are prescribed in combination rather than alone?. Interestingly, such interactions

were reported even for drugs that target very different metabolic pathways and that should not,
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66  intheory, influence each other at the molecular target level. These phenomena could potentially
67  be explained by considering permeability a binary (or higher order) property, i.e. by considering
68  that the permeation rate of molecule A could also depend on the concentration of molecule B
69  (orC,etc.). However, no direct experimental evidence for such collective permeation properties
70  has been available so far, and in fact there was no method for reliably measuring co-permeation.
71

72 Experimental methods for studying membrane permeability and partitioning typically rely on
73  measuring the concentration change of a single permeant in two macroscopic reservoirs
74  separated by a planar membrane model. The permeation barrier can be formed synthetically
75  from lipidic materials as in the PAMPA assay', assembled from living cells as in the Caco-2
76  permeability method?, or collected from real tissues such as skin in the Franz diffusion cells®.
77  The interpretation and cross-laboratory comparison of data obtained by the above-mentioned
78  methods is complicated by the fact that permeation typically occurs across multiple lipid
79  bilayers, whose exact count is rarely known or reported. Another common feature of the above
80  methods is that the permeation area is limited to a few square cm, which means that very long
81  measurement times are needed in the case of low-permeability substances. Therefore,
82  significant efforts have been devoted also to the development of computational methods for
83  determining membrane permeability and partitioning of individual molecules*”’.

84

85  The problem of low surface area and unknown number of lipid bilayers can be overcome by
86  replacing the macroscopic planar membrane analogue with liposomes. Liposomes are spherical
87  molecular assemblies comprising a lipid bilayer enclosing an aqueous core. Their size and
88  lamellarity can be fairly well controlled®. Liposomes are used as drug delivery vehicles thanks
89  to their proven biocompatibility and tuneable properties. Examples of liposome-based drug
90 formulations include Doxil®?, or recent mRNA COVID-19 vaccines!®!!. Not all molecules are
91  directly suitable for liposomal encapsulation!?. Too high or too low permeability prevents
92  adrug from being reasonably retained and released from liposomes. Nevertheless, liposomes
93  lend themselves as a tool for studying permeation and measuring permeability'?. Methods based
94  on detecting a pH change induced by the permeation of a weak base into liposomes'4, on pre-
95  loading liposomes with engineered receptors whose fluorescence is quenched by the permeating
96  molecule's, or on the so-called immobilized liposome chromatography!'®!® have been reported.
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98  Here, we present original co-permeation experimental data obtained by means of anew
99  liposome permeation assay on a sample of six commonly prescribed drugs. The principle of the
100  method is shown in Fig. 1. Our data reveal both positive and negative interactions of co-
101  permeating molecules, providing the first direct evidence of collective permeation and
102 partitioning behaviour that could have far-reaching consequences both for the prescription

103 practices of existing drugs, and for the evaluation of new ones.
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106 Figure 1: (A) Schematic representation of the liposomal co-permeation method. Liposomes were pre-loaded with
107 a fluorescence probe (carboxyfluorescein, CF) and a co-permeant; after separating liposomes from the supernatant,
108 the release kinetics into a fresh medium was induced by a temperature step; the release curve was evaluated by
109 a mathematical model that provided two parameters: permeability and partitioning coefficient. These were then
110 compared between single-component permeation and co-permeation. (B) Typical result of pure CF permeation,
111 showing four stages. Stage 1: no release at room temperature; stage 1: permeation after heating to lipid bi-layer
112 phase transition; stage 3: equilibrium between intra- and extra-liposomal concentration of the permeant; stage 4:
113 dissolution of lipid bilayer by Triton, causing the release of membrane-bound permeant. (C) Schematic
114 representation of phenomena that occur during each stage of the experiment. (D) Demonstration of positive and
115 negative effect of a co-permeant on the partitioning coefficient (the dark blue symbols represent the original single-
116 component permeation). (E) Demonstration of positive and negative effect of a co-permeant on permeability (the
117 dark blue symbols represent the original single-component permeation, and the magnified section shows different

118  slopes of the release curve).
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RESULTSAND DISCUSSION

Single-component per meation measurement by liposomal assay

Dynamic light scattering (Fig. 2A) and TEM (Fig. 2B) analysis of purified liposomes containing
encapsulated carboxyfluorescein (CF) as a fluorescent probe reveals that a population
of liposomes with a mean particle size around 200 nm was prepared. At a lipid concentration
of 5 mg/ml, the total surface area of such liposome is approximately 2 m?/ml, which represents
an increase by afactor of 10* compared to traditional permeation assays with planar
membranes. The liposomes were colloidally stable; their zeta potential determined by
electrophoretic light scattering was (—12.4 £ 1.3) mV. The negative surfaces charge is
consistent with the fact that a negatively charged phospholipid DPPG was used as part of the

membrane mix.

To utilise liposomes for permeation measurements, the temperature dependence of permeation
rate had to be established first. A lipid bilayer can exist in the gel phase or in the liquid
disordered phase, which differ dramatically in their permeation properties. The phase transition
temperature of the three-component lipid bilayer with cholesterol, which was used in this work,
has been previously shown?® to be 41.5 °C. In a permeation assay, the liposomes should not be
permeable at laboratory temperature, but it should be possible to start permeation by raising
temperature. Three temperatures were investigated: 30 °C, 40 °C, and 50 °C. The experiment
was run for 15 minutes. The time dependence of the relative amount of CF released (Fig. 2C)
reveals that at 30 °C, which is safely below the phase transition temperature, there was no
permeation throughout the measurement period. At the other extreme at 50 °C, which is well
above the phase transition temperature, permeation was too rapid, and it would be inaccurate
to evaluate permeability from only a few data points. A suitable temperature thus proved to be
40 °C, which was just below the phase transition but close enough for CF permeation to already
occur at a reasonable rate. The measured CF release curve (time dependence of concentration
over time taken from the inflexion point onwards) was regressed by an algebraic model, detailed
in the Methods section. An excellent agreement between the model and experiment was

obtained (Fig. 2D).
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Figure 2: (A) Particle size distribution of liposomes with encapsulated CF, measured by dynamic light scattering.
(B) TEM micrograph of the prepared liposomes. (C) Thermally induced release of encapsulated CF from
liposomes at three different temperatures (the phase transition temperature of the used lipid bilayer is 41.5 °C).
The data points are mean values and error bars indicate standard deviations (n = 3). (D) Comparison of CF release
curve measured at 40 °C with regression by a mathematical model, which was used for evaluation permeability

from the experimental data.

The liposomal permeability of CF in PBS medium had a value of (1.4 +0.4) - 108 cm/s, which
is consistent with previously reported values obtained from the COSMOPerm calculation (=107
cm/s)*?’. Furthermore, the partition coefficient was evaluated for this sample according to
Eq. 3.2, which had a value of 1.6 £ 0.1. This value is again consistent with COSMOPerm

calculation (=1).

Direct observation of permeation enhancement mechanisms

The liposomal assay employed in this work allows direct observation of permeation
enhancement in a single layer of phospholipids. Two well-known permeation enhancers with

different enhancement mechanism were studied: ethanol and oleic acid. Permeation
6
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enhancement was investigated at 30 °C, as no CF release occurred at this temperature under
normal conditions. The effect of ethanol was investigated by stepwise addition of small
quantities of ethanol (40 pl in each step) to a spectrophotometric cuvette containing a sample
of liposomes containing CF. A stepwise release of CF from the liposomes was observed
(Fig. 3A) after the addition of each ethanol aliquot. Ethanol is known to cause lipid extraction
from the membrane and to subsequently form a second phase together with the extracted
lipids?®. After each ethanol addition, release from the affected liposomes was immediate but
other liposomes remained intact as the added ethanol was bound with the extracted lipids. The
increment of CF release in each step corresponds to the liposomes whose membrane integrity

was disrupted by ethanol addition.

The second studied permeation enhancer was oleic acid. Oleic acid is known to work by a rather
different mechanism than ethanol. Instead of irreversibly damaging liposomes, it incorporates
itself into the membrane structure, slightly disrupts the ordered packing of the phospholipids,
and makes the membrane more permeable to all molecules?®. Even though the measured
permeation was very slow (CF release occurred over 10 hours), permeability still increased
from a limiting value close to zero to 6.3 - 10'° cm/s (Fig. 3B). The two permeation
enhancement experiments demonstrate the ability of the liposomal assay to capture the effect

of additional chemical species on the permeation rate of the fluorescent probe.
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Figure 3: Experimentally measured dependence of the relative amount of CF released from liposomes on time at
30 °C. (A) Stepwise addition of ethanol into the system. (B) Addition of oleic acid. Note that the duration of the
experiment was 600 min in the case of oleic acid. Blue data points represent the base case (only CF), red data

points represent permeation in the presence of the permeation enhancer.
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Membraneinteractions revealed by co-permeation experiments

Having established that the liposome permeation assay makes it possible to directly observe
permeation enhancement, we pose the question of whether commonly used pharmaceutical
compounds might inadvertently modulate the membrane permeability and/or partitioning of
another substance. A panel of 6 clinically approved drugs spanning all four Biopharmaceutics
Classification System (BCS) classes®® has been chosen for co-permeation experiments
(Table 1). Based on their lipophilic/hydrophilic character, the drugs were incorporated into
liposomes either by the aqueous route (i.e., dissolved in the hydration medium together with
CF) or by the lipidic route (i.e., dissolved in chloroform and methanol together with the
membrane lipids). For lipophilic compounds mildly solubile in water (HCTZ and NX), both
loading methods were used (Table 1).

Table 1: Pharmaceutical compounds evaluated in co-permeation experiments, their properties

and concentrations used. Note that CF concentration was 7.5 mg/ml in all cases.

Nameand acronym Indication BCS Properties Liposome
Class incor poration
route and
concentration
Ascorbic acid (ACS) Essential Class I well soluble aqueous
vitamin well permeable (15 mg/ml)
Hydrochlorothiazide Hypertension Class II  mildly soluble lipidic &
(HCTZ) (0.72 mg/ml") aqueous
well permeable (0.5 mg/ml)
Kanamycin (KM) Antibiotic Class III  well soluble aqueous
poorly permeable (15 mg/ml)
Norfloxacin (NX) Antibiotic Class IV mildly soluble lipidic &
(0.28 mg/ml ) aqueous
poorly permeable (0.2 mg/ml)
Candesartan Hypertension ClassII  poorly soluble lipidic
cilexetil (CC) well permeable (0.5 mg/ml)
Apixaban (APIX) Anticoagulant  Class IV poorly soluble lipidic
poorly permeable (0.5 mg/ml)
8
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Figure 4: Relative amount of CF released as function time in binary co-permeation experiments conducted using
liposomal assay at 40 °C. (A) Substances incorporated into liposomes by the aqueous route. (B) Substances
incorporated into liposomes by the lipidic route. The permeation of CF alone is shown in both cases for reference.
The acronyms of individual substances are given in Table 1. The data points are mean values, the error bars

represent standard deviations (n = 3). Note the difference in the y-axis scale between cases (A) and (B).

Unexpected phenomena were observed during binary co-permeation experiments (Fig. 4). All
investigated pharmaceutical substances (regardless of their molar weight, aqueous solubility,
lipophilicity or BCS class) had a manifestable and sometimes very strong effect on CF
permeation, although these substances are not a priori meant to act as permeation enhancers or
retardants, and no such behaviour has been reported for them before. An increase in the
asymptotic quantity released of CF was found for binary co-permeation with ASCaq, NXaq, and
CClip, whereas a decease was found for HCTZaq, KMag, HCTZiip, and APIXip (Fig. 4).
Curiously, the increase in the relative amount released was caused by a pair of substances from
exactly opposite BCS classes: ASC with high solubility and high permeability and NX with
low solubility and low permeability. The same was true for the two substances that reduced the
relative amount released: HCTZ with a low solubility and high permeability and KM with
a high solubility and low permeability. These results suggest that solubility/permeability of the
co-permeating substance alone is insufficient to determine its effect on the quantity released of
the fluorescent probe. Clearly, both antagonistic and synergistic effects between the permeants
exist, and these are sufficiently strong to change CF membrane partitioning 2-5x in both
directions, and permeability up to 2x upwards and up to 6x downwards (Table 2). From the
point of view of pharmacokinetics, such changes due to drug-membrane interaction could have

dramatic therapeutic implications and could potentially lead to incorrect prescription and dosing
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decisions, which are typically made on the assumption that each drug behaves as if it were in
the patient’s body alone. As no simple rule based on the BCS class can explain the experimental

data, let us briefly consider the specific features of each permeant.

Table 2: Experimentally determined values of permeability and partition coefficient for CF
alone and in co-permeation in binary mixtures with selected drugs added to the liposomal assay

either by the aqueous or lipidic route.

Sample Permeability (cm/s) Partition coefficient
CF alone (1.4+0.4)- 108 1.6 +0.1
CF-ASCaq (2.4+0.7)- 108 1.4+02
CF-HCTZuq (1.5+0.3)- 108 35405
CF-KMaq (1.2+0.3)- 108 3.9+0.1
CF-NXaq (2.3+0.5)- 108 0.92 + 0.04
CF—CClip (2.2+0.7)- 108 0.32 +0.09
CF-APIXiip (3.1+0.4)-10° 1.9+0.1
CF-HCTZiip (1.1+£0.1)-10® 2.7+0.3
CF-NXiip (22+0.2) - 10 2.1+03

Ascorbic acid (ASC) was added only by the aqueous route and caused CF permeability to be
approximately doubled while the partition coefficient remained the same within the
measurement error. Ascorbic acid is predominantly present in the anionic form (Table 3).
Therefore, we suggest that this permeability increase can be influenced by the molecule charge.
The negatively charged ASC molecules can locally increase the distances between the polar
heads of the lipid molecules and therefore increase the permeation rate of CF through the
membrane without affecting its partitioning coefficient. Thus, co-permeation with ASC has an

enhancing effect on CF permeation.

Hydrochlorothiazide (HCTZ) and Kanamycin (KM) had the same effect on the permeation
properties of CF (permeability remained the same within the measurement error, but the
partition coefficient increased). Therefore, a similarity was sought between these substances.
Both KM and HCTZ have ionizable NH2 groups (Table 3), which allows both molecules to
exist in a slightly positively charged form at the experimental pH 7.4. Either a change in the

10
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membrane packing, or a temporary association with CF, could cause an increase of membrane
partitioning. It should be noted that the increase in CF partitioning coefficient is different for
HCTZ samples made by the aqueous and the lipid route (Table 2). This could be caused by the

different amount of HCTZ remaining in the sample after liposome purification.

Norfloxacin (NX) again nearly doubled CF permeability, but the change of CF partition
coefficient depends on the method of addition. At pH 7.4, NX is primarily a zwitterion, but
since both the basic and acidic pKa is close to the used pH (7.4), there is a non-negligible
amount of both anionic and cationic form. An approximate ratio of the three forms is
zwitterion : anion : cation = 89 : 7 : 4. The anion can play the same role in increasing CF
permeability as in the case of ASC described above. The difference in the partition coefficient

for both ways of addition remains unclear.

Candesartan cilexetil (CC) occurs in a slightly negatively charged form, and the trend for
enhancing CF permeability was confirmed, similarly to ASC and NX. Furthermore, there was
a significant decrease in the partition coefficient. This may have been because CC is a very
lipophilic and large molecule, which may have displaced CF from the membrane by its presence
in the membrane during co-permeation. Consequently, the partition coefficient of CF was

significantly reduced.

Apixaban (APIX) caused an approximately sixfold decrease in permeability for CF. This could
be because APIX is an uncharged rigid molecule that may very distantly resemble sterols.
Theoretically, it could incorporate into the membrane during co-permeation, increasing its
rigidity and decrease its permeability for CF. Further correlative evidence for this hypothesis is
the plot of the relative amount released. When CF is mixed with this substance, the curve has
no inflexion point, as is the case for all mixtures with other substances. At the same time,
however, its incorporation does not seem to affect the partition coefficient in any way, so its

presence does not displace CF from the membrane.
A detailed mechanistic explanation of how each of the investigated substances might affect CF

permeability and partitioning coefficient will be obtained by molecular dynamics simulations,

but this is beyond the scope of the present Communication.
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Table 3: Properties of substances used during co-permeation experiments with CF.

Substance Moleculestructure pKa Chargeat pH 7.4
HO
Ho. ~_G3-O<_.0 o ‘
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HO OH
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Cl N\
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NH, OH
('j_‘o.,_ ‘_ LOH
- ~e e
KM "7 Hp; = OH?OH basic 9.5 positive
HzN
H;I(\I-"OH
MH;
o o
F OH acidic 6.3 prevalently zwitterion
M & | basic 8.8
N N asic 8.
LN
N\>_0ﬁCH3
O\ O CHy N
CcC OJLD)\G o Q Q acidic 6.0 slightly negative
HN
Nj_z, ,\N
N
\
af
HN. )N
APIX - neutral
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CONCLUSION

Using a novel permeation measurement methodology based on a liposomal assay, the
permeation enhancement or suppression during co-permeation of two substances has been
directly investigated for the first time. As a methodology validation after the selection of an
appropriate temperature, two agents with known permeation enhancement properties due to
membrane disruption were studied (ethanol and oleic acid). In the case of ethanol addition,
a stepwise release of the permeant (CF) was observed. This was due to the extraction of lipids
from the membrane by ethanol and the loss of membrane integrity in the affected the liposomes
from which CF could leak out. Oleic acid worked on a different principle, which, due to its
incorporation into the membrane, caused gradual permeation of CF even at 30 °C, i.e., well
below the phase transition of the original membrane. A mathematical model of permeation
enables the quantitative evaluation of permeability and the membrane partitioning coefficient

of the permeant.

The liposomal permeation assay was then used for investigating the effect of six commonly
prescribed pharmaceutical substances on permeability and partition coefficient during binary
co-permeation experiments. The chosen substances are not meant to act as permeation
modifiers and no such behaviour has been measured or reported for these molecules before.
Unexpectedly, all six investigated substances were found to have a significant effect on the
permeability and/or partitioning coefficient of the permeant. Depending on the substance, either
enhancement or suppression of permeation was observed (by a factor of up to 6x). The
membrane partitioning coefficient was influences by a factor of up to 5x, again both upwards
and downwards depending on the co-permeant. There was no simple correlation between the
BCS class of the investigated drug and its effect on permeation. Specific molecular interactions
with the permeant (CF) and/the membrane lipids were therefore likely the cause of permeation

modification in each case.

The liposomal co-permeation assay introduced in this Communication is fast and reproducible.
The results indicate unexpected and previously unknown drug-membrane interactions that can
have far-reaching consequences for the pharmacokinetics of commonly prescribed drugs in
polypharmacy patients. As both permeability and the membrane partitioning coefficient can be

upregulated or downregulated several times in a manner that is difficult to predict simply from
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the molecular properties, this work highlights the need for a systematic screening of currently
prescribed drugs for interactions at the permeation and biodistribution level, rather than at the
metabolic level. The knowledge obtained in such co-permeation screening should then lead to
better informed prescription and dosage decisions by physicians who so-far rely solely on

single-molecule data.

METHODS

Materials

Phosphate-buffered saline in tablets (PBS), 5(6)-carboxyfluorescein (CF, >95%), norfloxacin
(NX, >98%), cholesterol (>99%), kanamycin sulfate (KM), TRITON X-100®
(laboratory grade), and oleic acid (OA, 90%) were purchased from Sigma-Aldrich s.r.o.
Dipalmitoylphosphoglycerole (DPPG) and dipalmitoylphosphatidylcholine (DPPC) were
purchased from Corden Pharma. Sodium hydroxide (NaOH, p. a.), ascorbic acid (ASC, p. a.),
sodium chloride (NaCl, p. a.) phosphoric acid (H3PO4, >75%), and disodium hydrogen
phosphate dodecahydrate (NaxHPO4 - 12 H20) were purchased from PENTA s.r.0. Chloroform
(p. a.), and ethanol (EtOH, >99.8%) were purchased from Lach-Ner s.r.0. and methanol
(>99.8%) was purchased from Fisher Scientific s.r.o. Hydrochlorothiazide (HCTZ),
candesartan cilexetil (CC) and apixaban (APIX) were kindly provided by Zentiva k.s. All
substances and materials were used as supplied and were not modified. Deionized water (Aqual

25, 0.07 uS/cm) was used in all experiments.

Preparation of liposomes
Liposomes were prepared by the standard lipid film hydration method. the mixture of
phospholipids and cholesterol (8.1 mg DPPC, 1.1 mg DPPG, 0.9 mg cholesterol) was dissolved
in 10 ml of methanol:chloroform solution (1:1 by volume). Subsequently, the solvent mixture
was evaporated on a vacuum rotary evaporator (60 °C, gradually reducing the pressure from
atmospheric to approximately 80 mbar). This process produced a dried lipid film which was
subsequently dried in a desiccator for at least 3 hours (30 mbar).

The completely dried lipid film was then hydrated with 2 ml of aqueous medium
(7.5 mg/ml of carboxyfluorescein solution in PBS, pH 7.4). The sample and the extruder

(Avanti Mini Extruder) were heated to 69 °C for 10 minutes and the sample was then vortexed
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to form polydisperse multilamellar liposomes. To increase the uniformity, the sample was
extruded at least 21 times through a membrane with a pore size of 200 nm (at 69 °C).

The prepared liposomes were characterized. Particle size distribution was determined
using dynamic light scattering (DLS), the zeta potential was determined using electrophoretic
light scattering (ELS) (both Malvern Zeta sizer Nano-ZS), and by images from a transmission
electron microscope (TEM — Jeol JEM-1010 — accelerating voltage 80 kV).

Encapsulation of co-permeants

The hydrophilic substances (ascorbic acid and kanamycin) and the mildly soluble lipophilic
substances (hydrochlorothiazide and norfloxacin) were added to the hydration medium
(solution CF in PBS) during lipid film hydration (aqueous addition route). Lipophilic
substances (apixaban, candesartan cilexetil, hydrochlorothiazide and norfloxacin) were added
during the first step of liposome preparation, i.e., they were mixed with the phospholipids and
dissolved in a mixture of chloroform and methanol (lipid addition route). All samples were

prepared in triplicates.

Purification of liposomes

All liposome samples were purified by size exclusion chromatography using PD Minitrap™ G-
25 separation columns to separate the surrounding hydration solution from the liposomes
themselves. In this way, 1 ml of purified liposome solution was collected. The principle of CF
release kinetics measurement is based on the fluorescence quenching of concentrated CF. The
intraliposomal CF does not fluoresce; its fluorescence increases sharply only upon dilution after
release from the liposomes. For this reason, the hydration medium had to be separated from the

liposomes before conducting any permeation experiments.

Permeation measur ement

From a stock of purified liposomes, 60 ul was pipetted into a disposable cuvette and mixed with
1140 pl of PBS. Then the measurement (in triplicates for each sample) of CF permeation
through the membrane was carried out in a fluorescence spectrophotometer (Cary Eclipse,
Agilent) in which the sample was heated to the desired temperature (30 °C, 40 °C and 50 °C),
which was kept constant throughout the measurement. The following settings were used:
excitation wavelength 490 nm, emission wavelength 522 nm, excitation slit: 2.5 and 2.5, scan

control: slow, detector voltage: medium, maximum intensity: 1000 a.u.. The time dependence
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of the fluorescence intensity at constant temperatures was measured. At the end of the
experiment, 5 pl of ten times diluted TRITON X-100® was added to cause total micellization
of the system, thus releasing all previously unreleased CF. The mechanism of this micellization
is shown in Fig. 1C and is based on molecular dynamics study*3. The measured fluorescence
intensity dependence on time was then converted to CF concentration using a calibration curve.
The relative amount released of CF was then determined:

P —— D

Relative amount released = ,
Ctriton,CF — C1,CF

where ¢, cp is the mass concentration of CF at a time t, ¢ cp is the CF mass concentration
at the beginning of the measurement, and Cyjon cr 18 the final CF mass concentration after
liposome micellization by the addition of TRITON X-100®. The partition coefficient was

calculated from the mass balance using the relation:

__ Ctriton,CF — Cfin,CF
Kep=— — (2
fin,CF

where cg,, f 1s the asymptotic mass concentration of CF achieved by thermal release, i.e. the

final concentration at the end of the experiment just before TRITON addition.

Permeation enhancers

For the study of permeation enhancers, CF-containing liposomes were prepared and purified as
described above. For permeation enhancement by ethanol, 60 pl of purified liposomes with
encapsulated CF was mixed with 1140 pl of PBS in a measuring cuvette. The samples were
maintained at 30 °C. At approximately 5-minutes intervals, 40 pl of ethanol was added
to the measuring cuvette from the top and the fluorescence intensity was measured by
fluorescence spectrophotometry as described above. For permeation enhancement by oleic acid,
the procedure was very similar to ethanol, only the volumes were different (50 ul oleic acid,
1090 ul PBS) and only one addition at the start of the experiment was done. The temperature

was also 30 °C.

Model for permeability determination
The model was used for evaluating permeability from its definition, using the dependence of
concentration on time:

Jer = Permcr * (Cliposomecr — Cecr)s 3
where jcr is a flux of the permeating substance, Perm cr is its permeability, and Cjiposome,cr 1S the

mass concentration of CF inside the liposomes. The previously mentioned ¢, was calculated
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using the calibration curve from the measured fluorescence intensity over time. The unknown

quantity Cjiposome,cr» Was obtained from the mass balance, considering that the total quantity of
CF, which is known, is present in the liposomal lumen, in the membrane, in the bulk outside

liposomes. We start with the basic expression:

__ Mjiposome,CF
Cliposome,CF - Vi (4)
iposome

where Myiposome,cr 18 the mass of CF inside the liposomes and Vjjposome 18 the volume inside
the liposomes in the measured sample, and combine it with the mass balance:

Myiposome,CF = Mtotal,cCF — MUipids,CF — M,CF» )
where My, cr 15 the total encapsulated mass of CF in the sample, m, cp is the measured mass
of CF in bulk outside liposomes at time t, and myjpigs cr is the mass of CF in the membrane,
which is released only after TRITON addition and is be expressed as:

Miipids,CF = Mtotal,CF — Min,CF- (6)
Using this equation, eq. (3.5) becomes:

Myiposome,CF — Mfin,cF — M4,CF> )
where myg, o is the final mass of CF released during the experiment only by diffusion (i.e
before TRITON addition). For the determination of mg, cr and m, ¢ it was necessary to use the
conversion using the volume of the diluted sample (volume in the cuvette, V_,,ette) and a certain
concentration (¢jcr), which was evaluated from the measured intensity using a calibration
curve:
Micr = Cjcr " Veuvette 8
Next, it was necessary to express Vjiposome 10 (€q. 3.4) as follows:

Viiposome = Viiposome,1 * Miposome> 9
where Viiposome,1 18 the volume inside one liposome and Njposome 18 the number of liposomes
in the measured sample. Viiposome1 cOuld be determined with the following equation:

Viiposome1 = % * Fifposomens (10)

where djiposome,in 18 the inner diameter of the liposomes and was determined as follows:
dliposome,in = dliposome,volume — 2 * dmembrane (11)
where djiposome,volume 18 the volume-weighted diameter measured by dynamic light scattering
(Malvern Zetasizer) and dyembrane is 4.059 nm ** for using the composition. In eq. 9, Njiposome

was also expressed as:

17

https://doi.org/10.26434/chemrxiv-2023-gsjtk ORCID: https://orcid.org/0000-0001-9472-2589 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-gsjtk
https://orcid.org/0000-0001-9472-2589
https://creativecommons.org/licenses/by/4.0/

451

452
453
454

455
456
457

458

459
460
461
462
463
464
465
466
467
468

469
470
471
472
473
474
475
476
477

478

__ Miipid,sample
Nliposome - 5 (12)
MYipid,1liposome

where Myjpig sample 18 the mass of lipids in the measured sample and Mg 11iposome 18 the mass
of lipids that form one liposome. The first mentioned was further modified to:

mlipid,sample = Clipid,sample ' Vsamplea (13)
where Viample 18 the volume of the concentrated liposome sample, which is further diluted
to the volume Vyyerre and measured. Furthermore, Cjipig sample (Which is the mass concentration

of lipids in this sample volume — Vg;pp1e) Was determined as follows:

_ mlipid,column
Clipid,sample = Ui > (14)
lipid,column

where Myjpig column 18 the mass of lipids to be purified on the column, which was 5 mg for all
experiments and Vjipig column 1 the volume of the sample taken from the column, which was
1 ml for all experiments. From eq. 12, Myjpig 11iposome Was also modified:

MUipid,1liposome = Mipid,1liposome * Miipids (15
where Mjpig 1liposome 18 the molar amount of lipids that form a single liposome and My;piq s
the mean molar mass of the lipids used (DPPC, DPPG, Cholesterol):

Mipia = X (Xiipia) * Mipiay) (16)

where Xjipiq) is the molar fraction of lipid | and Mj,;q; is the molar mass of the lipid I.
For the composition used and the molar ratio of lipids was Mj;,;q = 683.02 g/mol. From eq. 15,
Miipid,1liposome Was determined by definition:

_ Nlipid,lliposome
nlipid,lliposome - Na ) (17)

where N, is Avogadro's number and Njipig 11iposome 18 the number of lipids that form a single

liposome, and it was determined as follows:

_ 2 'Aliposome,l
Nlipid,lliposome - A > (18)
lipid,1

where Ajpig1 is the area of one lipid, which is 47.9 A% 3. Since the liposome is made up
of a lipid bilayer, it should be considered that the liposome has a double area (inner and outer).
Therefore, the area of the liposome is multiplied by two. Ajjposome,1 18 the surface of one

liposome through which the substance i permeates:

dliposome,volume+d1iposome,in 2
Aliposome,l =T ( > (19)

The left side of eq. 3 has also been modified as follows:
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. Mthrough,CF Mthrough,CF

Jer = Ali];o:::li,total - Alipotsol:l:,gtotal t’ (20)
where 1, ough,cr 18 the mass flow of CF passing through the liposomal membrane, Ajiposome,total
is the total surface of all liposomes in the measured sample, ¢ is time, and My, ougn cr 1S the mass
of CF passing through the liposomal membrane:

Mihrough,cF = M,cF — My,cF» (21)
where m ¢p is the initial mass of CF in the area around the liposomes before release and was
determined by eq. 8. Ajiposome,toral Was determined as follows:

Aliposome,total = Aliposome,l ' Nliposome, (22)

where Ajiposome,1 Was determined from eq. 19 and NMyjposome from eq. 12.
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