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Abstract

Transwell experiments with Caco-2 or MDCK cells are the gold standard for determining the intestinal
permeability of chemicals. The intrinsic membrane permeability (Po), that can be extracted from these
experiments, might be comparable to Po measured in black lipid membrane (BLM) experiments and Pg
predicted by the solubility-diffusion model. Unfortunately, the overlap between experimental Po,caco-
2/mpck and Pogiv data is very small. So far, differences between both approaches have been attributed
to the cholesterol and sphingomyelin content of cell membranes, but the database is too sparse to
thoroughly test this theory. To create a diverse dataset, we measured Pggm of ten chemicals in BLM
experiments using DPhPC and DPhPC/cholesterol/sphingomyelin membranes. The results were
compared to predicted BLM data and experimental Caco-2/MDCK data obtained from literature. While
Posm of all chemicals was well predicted by the solubility-diffusion model, Pocaco-2/mpck Was only
predictable for rather hydrophilic compounds with logarithmic hexadecane/water partition
coefficients below -0.5. The effect of cholesterol and sphingomyelin on Pggim Was negligibly small.

Abbreviations

BLM, black lipid membrane; Caco-2, human colorectal adenocarcinoma cells; Chol, cholesterol; Dhex,
diffusion coefficient in hexadecane; DPhPC, 1,2-diphytanoyl-sn-glycero-3-phosphocholine; Dy,
diffusion coefficient in water; f,, fraction of the neutral species; Knexw, hexadecane/water partition
coefficient; LSER, linear solvent energy relationship; MDCK, Madin-Darby canine kidney cells; Py,
intrinsic permeability; Pas, aqueous boundary layer permeability; Payp, apparent permeability; Pcy,
cytosol permeability; Pm, membrane permeability; SM, sphingomyelin; xm, thickness of membrane
hydrocarbon core
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1. Introduction

Understanding the permeation across cell membranes is a crucial step in predicting the intestinal
absorption of chemicals in vivo [1]. The main mechanisms involved in permeation are passive
transcellular, passive paracellular and active transport. In this paper, we focus on passive transcellular
transport as the most common transportation route in the intestine for all except very hydrophilic
molecules [2].

The apparent passive transcellular permeability (Papp) of a chemical is determined by its apical and
basolateral aqueous boundary layer permeability (PasL), apical and basolateral membrane permeability
(Pm) and cytosol permeability (Peyt) [1]:

1 1 1
= +—+
Papp PapL P Pcyt

1

(equation 1)

PasL and P are independent of the speciation of the chemical, because neutral and ionic species have
the same diffusion coefficients in aqueous media. In contrast, according to the pH-partition hypothesis,
membranes are not permeable to the ionic species of a chemical. Therefore, Pn is defined by the
neutral species and thus dependent on pH [1,3]. For better comparability, the intrinsic permeability
(Po), which is independent of pH, was introduced. It can be calculated from Py, and the fraction of the
neutral species (f,) at the respective pH [3]:
Py = Prm (equation 2)
le
In vitro, Po can be determined from transwell experiments with human colorectal adenocarcinoma
cells (Caco-2) or Madin-Darby canine kidney cells (MDCK) [1,4]. This method is complex because active
and paracellular transport, retention and biotransformation in the cells as well as cytosol and filter
permeability have to be taken into account when extracting Po from experimental data [1]. Black lipid
membrane (BLM) experiments, where a well-mixed donor and acceptor chamber are separated by a
phospholipid bilayer spanning over an aperture [5], are free of these artefacts [6] and often used as a
simplified model for biological membranes [7]. The composition of these artificial membranes is well
defined and can be altered systematically, which makes this experimental approach suitable for
mechanistic studies.

Although phospholipid bilayers are heterogenous due to the amphiphilic structure of lipids [8], it can
be assumed that the inner hydrophobic hydrocarbon core is the limiting barrier for permeation of
rather hydrophilic chemicals [6,9]. This hydrocarbon core consists of C16, C18 and other long-chain
fatty acids [10] and hexadecane is often used to model its properties due to the comparable chain
length [11,12]. Consequently, Py should be predictable by the simple solubility-diffusion model as a
function of the diffusion coefficient in hexadecane (Dnex), the partition coefficient between hexadecane
and water (Knex/w) and the thickness of the hydrocarbon core (xm) [13]:

Dhex*K .
P, = hexxmhex/w (equation 3)

Indeed, a comparison between Py calculated according to Eqg. 3 and Py derived from BLM experiments
has shown good agreement for a diverse set of more than 30 chemicals [6].

Based on these results, it can be hypothesized that the Py extracted from Caco-2/MDCK experiments
might be predictable by both BLM experiments as well as the solubility-diffusion model. Unfortunately,
there is almost no overlap between published Caco-2/MDCK and BLM data. Lomize and Pogozheva [9]
identified only five organic chemicals where experimental values are available for both systems. To
expand the dataset, they also included six experimental liposome permeabilities in the comparison. All

2



81
82
83
84
85

86
87
88
89

90

91

92

93

94
95
96
97
98
99
100
101
102

103

104
105
106
107
108

109

110
111
112
113
114
115
116
117
118

119

120
121
122

permeabilities were higher in BLM and liposome experiments than in cell experiments. The authors
hypothesized that this discrepancy could be explained by the different lipid composition of artificial
and biological membranes. They mentioned especially cholesterol and sphingomyelin because
cholesterol is known for increasing the order and thickness of phospholipid membranes, thereby
decreasing the permeability [14].

Therefore, the aims of this study were to: (i) examine the influence of physiological amounts of
cholesterol and sphingomyelin on BLM permeability, (ii) create an overlap between BLM data and
existing Caco-2/MDCK data and (iii) compare predicted and experimental BLM data with Caco-2/MDCK
data.

2. Material and methods
2.1. BLM experiments
2.1.1. Selection of test compounds

The test compounds were selected based on a review of Py extracted from MDCK/Caco-2 experiments
[1]. Zwitterions were excluded, because the permeability of zwitterions might be substantially lower
than the permeability of the neutral species as studies with amino acids indicated [15]. Furthermore,
we excluded chemicals for which active transport might have affected the calculation of Po,caco-2/mpck.
Eleven chemicals were selected based on their diversity in Pocaco-2/mpck and predicted Posuv, sufficient
water solubility and detectability via LC-MS. One of these chemicals, cimetidine, was subsequently
excluded due to effects on membrane integrity (see Supplementary data for details). All selected
chemicals are listed in Table S1 in the Supplementary data. Salicylic acid was chosen to validate the
system, because both BLM and Caco-2/MDCK data are published for this compound.

2.1.2. Selection of membrane lipids

1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) was used for membrane formation due to its
high stability [16] and permanent liquid crystalline state at room temperature [17]. To create
membranes with a more physiological composition, we also used a mix of 58 mol% DPhPC, 36 mol%
cholesterol (Chol) and 6 mol% sphingomyelin (SM) based on a publication by Symons et al. on the lipid
composition of MDCK plasma membranes [18].

2.1.3. Selection of experimental pH

We selected a suitable pH based on the permeability measured in Caco-2/MDCK experiments and
predicted by the solubility-diffusion model. In preliminary experiments, we determined a log Pag. of
about -3.6, which corresponds to a total ABL thickness of about 250 um. To assure that the effect of
the ABL is negligible, log Papp,sum Of the test compound at the chosen pH had to be about -4.1 or lower.
Reducing the f, by adapting the buffer pH allowed us to adjust Papp v in accordance with Eq. 2. Limited
by the instability of the membrane at extreme pH, we used the following buffers between pH 4 and
10: 10 mM B-alanine (pH 4), 5 mM B-alanine and 5 mM MES (pH 5), 10 mM MES (pH 6), 10 mM MOPS
(pH 7), 10 mM TAPS (pH 8 and pH 9) and 10 mM CAPSO (pH 10). All buffer solutions contained 1 mM
KCl buffer for electrical measurement of membrane capacitance.

2.1.4. Measurement

The experiments were conducted at room temperature (20-27 °C). The experimental setup consisted
of a Delrin bilayer chamber and a polystyrene cup (diameter: 13 mm) with a customized aperture
(diameter: 1 mm) (Multi Channel Systems MCS GmbH a division of Harvard Bioscience, Inc., Reutlingen,
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Germany). The aperture was pre-painted with DPhPC (total lipid concentration: 20 pg/ul) or
DPhPC/Chol/SM mix (total lipid concentration: 28 pg/ul) dissolved in decane to create a hydrophobic
anchor. A higher total lipid concentration was used in the DPhPC/Chol/SM mix because no stable
membrane could be formed with less lipid. The assembled chamber was placed on a Cimarec i Mono
Direct Stirrer (Thermo Fisher Scientific Inc., Waltham, USA) set to about 400 rpm. 1 ml buffer solution
was added to each compartment. Ag/AgCl electrodes were placed in each compartment and an eONE
single channel amplifier and the corresponding software Elements Data Reader version 3.7.14 and
3.8.3 were used (Elements SRL, Cesena, Italy) for electrical measurements. Membranes were painted
according to Mueller et al. [19,20] using the same lipid composition as for pre-painting. Specific
capacitance values between 0.3 and 0.6 pF/cm? indicated the formation of a membrane. During
electrical measurements, a faraday cage was placed on top of the chamber to reduce noise. After
30 min, 50 pl buffer was removed from both sides and analysed for possible contaminations. The
volume was replaced with fresh buffer. 100-200 ul buffer was removed from the donor chamber and
replaced with the stock solution of the chemical of interest. We aimed to keep the concentration on
the donor side as low as possible to avoid effects of the test compound on membrane integrity, but
sufficiently high to be still detectable on the acceptor side. 50 ul samples from the acceptor side were
taken after 15 min, 1 h and then every hour until the membrane collapsed or the capacitance was
outside the predefined range. Due to instability at pH 10, the samples were taken after 15 min, 1 hand
then every 30 min. The removed sample volume was replaced with fresh buffer each time. All
experiments were performed at least in duplicate.

2.1.5. Sample analysis

Sample analysis was conducted using an Infinity 11 1260 LC system coupled to a 6420 triple quadrupole
with ESI source (Agilent Technologies Inc., Santa Clara, USA). Depending on the peak shape and area
either Kinetex® F5 (2.6 um; 100 A; 50 * 3.0 mm) or Kinetex® C18 (2.6 um; 100 A; 50 * 3.0 mm) LC
columns were used (Phenomenex Inc., Torrance, USA). The columns were protected by KrudKatcher™
ULTRA HPLC In-Line Filters and SecurityGuard™ ULTRA Catridges (Phenomenex Inc., Torrance, USA).
Double distilled water with 5 mM ammonium acetate and 1 % MeOH (pH 7.3) or double distilled water
with 1 % MeOH and 0.1 % HCOOH (pH 2.7) was used as eluent A, while MeOH with 0.1 % HCOOH was
used as eluent B.

2.1.6. Data analysis

Paop,sm fOr each time interval was calculated as follows:

CCX_CCX—1*0'95 % |4
tyx—tx—1 Ax Ac

Popp.pim = (equation 4)
Where ¢ and cix1 are the acceptor concentrations measured at the two consecutive time points tx and
t«1. A dilution correction factor of 0.95 accounts for the removal of 50 ul acceptor volume and the
replacement with fresh buffer during sampling. V is the volume of the acceptor chamber, A is the
membrane area and Ac is the applied concentration difference. Pappsim from each time interval and
replicate were averaged to obtain the mean Papp50m and the associated standard deviation.

Given that P is non-existent in BLM experiments and the impact of Pag. is negligible at the selected
buffer pH, Papp,sim Was equated to P and Pogim was calculated according to Eq. 2. f, was calculated
based on the experimental pK; (25 «c) provided by Avdeef [1] (see Eq. S1 in the Supplementary data) and
checked for plausibility with JChem for Office [21]. If no experimental pK; (25°c) was available, it was
recalculated from pK, 37°c) as described elsewhere [22].
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2.2. Prediction of Pgser by the solubility-diffusion model

Poser Was calculated according to EQ. 3. Dhex (25°c) Was assumed to be one tenth of the diffusion
coefficient in water (Dw (25°¢)). [6] Dw 25°c) Was estimated from the molecular weight (MW) of the
compound [23]:

Dhex =0.1 % 10(—4.13—0.453*10g(MW)) (equation 5)

Based on experimental Linear Solvation Energy Relationship (LSER) descriptors, Khexiw (25°c) Was
predicted using UFZ-LSER database [24] (see Table S2 in the Supplementary data). Experimental
descriptors were taken from “UFZ-preselected published values” dataset if available. Otherwise, the
“Abraham Absolv” dataset was used. The hydrocarbon core thickness xm was estimated from the
specific capacitance (Cn) using the vacuum permittivity (o) of 8.85 * 102 F/m and the dielectric
constant of the hydrocarbon core (gm) of 2.1 [16,25]:

_ &o*Em

C (equation 6)

Xm

For Cp, between 0.3 and 0.6 uF/cm? this results in a xm of about 40 A.
2.3. Comparison of BLM and LSER data with Caco-2/MDCK data

To compare Pogm and Pouser at 25 °C with Pocaco-27mpck at 37 °C, adjustments were necessary. A
temperature correction factor of 1.348 was included in the calculation of Dhex [4]. Po,sim and Po 1ser were
multiplied by 2 because cell membranes with 20 A [25] are only half as thick as BLM formed with
decane as solvent. The presence of two (apical and basolateral) membranes in cell experiments was
considered by adding their resistances and a correction factor of 24 was included in the calculation of
the permeability of the apical membrane to take into account that the surface area is increased by
microvilli [6,26]:
1 1

Py* 3700y = = (equation 7)
0" (37°0) Rapical+Rbasolateral L 1 L

t
Py (25 cc)*1.34—8*2*24 Py (25 oc)*1.348*2

3. Results and Discussion
3.1. Prediction of log Posim by the solubility-diffusion model

Papp,sum Of ten chemicals was determined in BLM experiments. The resulting log Pogim values cover six
orders of magnitude. Log Posuv Of salicylic acid was measured to validate the system because BLM data
from literature are available for this compound. With log Pogiv [P in cm/s] of -0.13, our result is in good
agreement with the reported values of 0.08 [27], -0.11 [28,29] and -0.15 [30], although different lipids
and membrane forming techniques are used. While Gutknecht [28], Gutknecht and Tosteson [30] and
Walter and Gutknecht [29] used egg lecithin and the painting technique, Saparov et al. [27] used DPhPC
and the folding technique [31]. The comparable results suggests that log Pos.m of pure lipid membranes
is not significantly affected by the used lipid or technique. This assumption is supported by a study by
Walter and Gutknecht [29] who also reported negligible differences between used lipids and
techniques for three organic acids.

To verify the hypothesis that log Posimshould be predictable by the solubility-diffusion model, log Po iser
values predicted with Eq. 3 are compared to experimental log Posim values in Fig. 1. For all compounds
the deviation between both values is within about one order of magnitude. This range was expected
given the uncertainty associated with estimating Knexw from experimental LSER descriptors with
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varying quality. It supports the work of Bittermann and Goss [6] who also found good agreement
between experimental log Posim and predicted log Poser of 37 compounds.
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Figure 1: Comparison of predicted log Po,ser and experimental log Pogim derived from pure DPhPC and DPhPC/Chol/SM
membranes. Symbols represent the average log Pogim of two to three replicates +/- standard deviation. Error bars are only
shown when they exceed the size of the symbol. All values are listed in Table S3 in the Supplementary data.

3.2. Difference between pure DPhPC and DPhPC/Chol/SM membranes

To examine the effect of Chol and SM on BLM permeability, log Posim Was determined for both pure
DPhPC membranes and DPhPC membranes containing physiological amounts of Chol and SM. As
shown in Fig. 1, log Posum of pure DPhPC membranes is slightly higher than log P sim of DPhPC/Chol/SM
membranes for all compounds except fluvastatin. Nevertheless, with 0.14 log units on average, the
difference in log Posim between both membrane types is mostly within the observed standard
deviation and could be attributed to measurement uncertainties. More significant differences were
reported by Finkelstein who compared the permeability of pure lecithin membranes and lecithin
membranes containing 67 % cholesterol and found differences of 0.6 up to 1.1 log units for four organic
compounds [12]. Xiang et al. got a similar difference of 0.6 log units when comparing the permeability
of two compounds across lecithin membranes with and without 30 mol% cholesterol [32]. This
permeability decreasing effect of cholesterol is attributed to the ordering effect on acyl chains [33] as
well as the condensing effect that reduces the surface area per lipid molecule and therefore increases
the membrane thickness [14,33]. A possible reason for the smaller impact of cholesterol on our
membranes is the usage of DPhPC instead of lecithin. The methylated acyl chains of DPhPC may impede
the ordering effect of cholesterol by steric hindrance [34]. It may be also possible that the coexistence
of SM reduces the ordering effect of cholesterol. This hypothesis is supported by a study by van Duyl
et al. [35] who examined the influence of SM on cholesterol-containing DOPC membranes. They found
that SM-containing membranes are less ordered by cholesterol and attributed this to the high affinity
of Chol to SM, resulting in the formation of Chol/SM rich domains at ambient temperature. This implies
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that less Chol is located in the glycerophospholipid part of the membrane and the ordering effect is
reduced.

3.3. Comparison of predicted log Po,ser=and experimental log Posim+ and log Po,caco-2/mpck

For comparison with log Po,caco-2/mpck Obtained from literature [1], we did not adjust the prediction of
log Po,ser to the Chol and SM content of cell membranes, because the effect seems to be negligible.
But nevertheless we used log Pogim derived from experiments with DPhPC/Chol/SM membranes due
to the higher similarity to cell membranes. Log Posiv as well as log Po,ser Were adjusted for differences
in temperature, surface area, number and thickness of membranes according to Eq. 7. The resulting
log Posum+ and log Poser+ are plotted against log Po,caco-2/mock in Fig 2. For five compounds all three
datasets are in good accordance, but there are substantial differences for the five remaining
compounds. Therefore, our results do not support the hypothesis by Lomize and Pogozheva [9] that
the differences between log Pogim and log Po,caco-2/mpck are caused by the Chol and SM content of cell
membranes. Even differences of about 0.6 log units between the permeability of cholesterol-
containing and cholesterol-free membranes as described by Finkelstein [12] and Xiang et al. [32] could
not explain these discrepancies of up to 4.7 log units. Instead, prevailing differences seem to be related
to log Knex/w. The five compounds in our dataset, where log Posim=*, l0g Po,iser* and log Po,caco-2/mpck are in
good accordance, are those with low log Knexw (l0g Khexyw = -4.87 to -0.72). Neglecting liposome
permeabilities, the five organic compounds included in Lomize and Pogozheva’s [9] comparison of
experimental log Pogim and log Pocaco-2/mpck also have low log Khexw (108 Khexyw = -7 to -0,72). The
maximum deviation between both values in their dataset does not exceed 1.3 log units, which supports
our assumption that BLM experiments can be used to predict log Pocaco-2/mock Of hydrophilic
compounds. The five deviating compounds in our dataset are those with high log Khexw Which
implicates that the prediction of experimental log Po,caco-2/mpck is problematic for rather lipophilic
compounds. Based on the solubility-diffusion theory, log Po,caco-2/mpck Should increase with increasing
log Khex/w. It is therefore contrary to mechanistic understanding that compounds with high log Khexw as
metoprolol, propranolol, venlafaxine, amantadine and diclofenac (log Khexw = -0,44 to 1,56) permeate
slower through cell membranes than compounds with smaller log Khexw such as salicylic acid (log Khex/w
=-0,72). A possible explanation is the limiting effect of the ABL. Rather lipophilic compounds may find
their main resistance in the ABL instead of the membrane leading to inaccurate calculations of
log Po,caco-2/mpck. Nevertheless, this explanation seems unlikely because Avdeef took great care to
eliminate the effects of the ABL in his data collection [1]. Another possible reason is that biological
membranes consist of more than phospholipids, cholesterol and sphingomyelin. Membrane proteins
might reduce the passive permeability of chemicals by reducing the accessible membrane surface area
or increasing the membrane thickness [36]. But these effects should decrease the permeability of all
molecules, not only lipophilic ones. Apart from differences in the composition of artificial and biological
membranes, it must also be considered that effects in the cytosol could be responsible for the
deviation of rather lipophilic compounds. This will be the main focus of our future research.
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Figure 2: Comparison of predicted log Po ser+, experimental log Posim+ and experimental log Po,caco-2/mpck. LOg Po,iser+ and
log Posum+ were calculated from respective log Poser and log Pogiv derived from DPhPC/Chol/SM membranes and adjusted
for temperature, surface area, number and thickness of membranes. All values are listed in Table S3 in the Supplementary
data.

4. Conclusion

Log Posum is well predicted by the solubility-diffusion model using LSER, especially when high-quality
experimental descriptors are available. The influence of Chol and SM on log Pg sim seems to be minimal.
Nevertheless, using experimental log Posivm as well as predicted log Poser to predict log Po,caco-2/mpck
remains problematic. While compounds with log Knexw Values below -0.5 seem to be well predicted,
compounds with higher log Knexw values show unexpectedly low log Pocaco-2/mpck. This deviation of
rather lipophilic compounds has to be addressed in future research.

Appendix A. Supplementary data
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