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Membrane permeability is one of the main determinants for the absorption, distribution, metabolism and
excretion of compounds and is therefore of crucial importance for successful drug development. Experiments
with artificial phospholipid membranes have shown that the intrinsic membrane permeability (Py) of compounds
is well-predicted by the solubility-diffusion model (SDM). However, using the solubility-diffusion model to
predict the Py of biological Caco-2 and MDCK cell membranes has proven unreliable so far. Recent publications
revealed that many published Py extracted from Caco-2 and MDCK experiments are incorrect. In this work, we
therefore used a small self-generated set as well as a large revised set of experimental Caco-2 and MDCK data
from literature to compare experimental and predicted Py. The Py extracted from Caco-2 and MDCK experiments
were systematically lower than the Py predicted by the solubility-diffusion model. However, using the following
correlation: log Po caco-2/Mpck = 0.84 log Pg spm — 1.85, Py of biological Caco-2 and MDCK cell membranes was

well-predicted by the solubility-diffusion model.

1. Introduction

Membrane permeability (Py,) is a crucial part of the ADME properties
of a compound and therefore plays a key role in the pharmacokinetics
and toxicokinetics of compounds (Di et al., 2020; Fagerholm, 2008). In
vitro and in silico methods for predicting permeability have therefore
become essential for effective drug development (O’Shea et al., 2022).

According to the pH-partition hypothesis, only the membrane
permeability of the neutral fraction (f,) of a compound is relevant. The
permeability of the ionic fraction can usually be neglected (Ebert et al.,
2018). For ionizable compounds, Py, is therefore dependent on pH. In
order to enable a comparison between the P, determined under
different pH conditions, the pH-independent intrinsic membrane
permeability of the neutral species (Py) was introduced (Avdeef, 2001):

Pm
Py = T (@]

In vitro, Py can be extracted from the apparent permeability (Papp)
measured in cell-free (black lipid membrane (BLM) or parallel artificial
membrane permeability assay (PAMPA)) or cell-based (Caco-2 or
MDCK) permeability assays. These assays consist of a donor and an
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acceptor compartment separated by a barrier (O’Shea et al., 2022).

In BLM assays, the barrier is a single phospholipid bilayer with an
adjacent aqueous boundary layer (ABL) on both sides. Assuming the
same pH on both sides of the barrier (iso-pH method), Py gim can be
calculated from P, v as follows:

1 1
Popim =—F7—5—+ )

Pypp BLM PaLBLM D

In PAMPA, the phospholipid barrier is stabilized by a filter support,
resulting in a reduced fragility. However, in contrast to BLM assays the
structure of the phospholipid barrier in PAMPA is not known with cer-
tainty (Avdeef, 2012; Wohnsland and Faller, 2001) which might reduce
the transferability to biological membranes. Therefore, PAMPA will not
be further discussed in this paper.

In Caco-2 and MDCK assays, the barrier consists of a cell monolayer
grown on a permeable filter support with an adjacent ABL on both sides.
Compared to BLM assays, the extraction of Pg,caco-2/Mpck from Papp caco-
2/MDck is more complex in Caco-2/MDCK assays, as more sub-processes
contributing to Papp,caco-2/Mpck are involved. Caco-2/MDCK assays
involve two membranes, apical and basolateral. Compared to the
basolateral membrane, the surface area of the apical membrane is
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increased by a factor of about 24 (Palay and Karlin, 1959) due to
microvilli. Besides the ABL, additional aqueous barriers such as cytosol
(cyt) and filter must be considered in the extraction of Py caco-2/MDCK
from Papp caco-2/Mpck- Furthermore, paracellular transport (para) can
occur in Caco-2/MDCK assays. The contributions of the individual
sub-processes, in particular ABL and paracellular transport, differ sub-
stantially between different experimental setups, leading to a large
interlaboratory variability of Pappcaco-2/Mmpck (Lee et al., 2017). In
comparison, the differences in Pg caco-2/Mpck between different experi-
mental setups are substantially smaller (Ebert et al., 2024). When the
iso-pH method is used, the experimental Pgcaco-2/mpck Of a single
membrane can be calculated from Pgpp, caco-2/Mpck according to Eq. (S1)
in the Supporting Material.

Overall, the extraction of a reliable Pg from Py, is only possible if the
permeation process is dominated by the membrane. If the permeation
process is dominated by aqueous barriers such as ABL, filter and cytosol
or by paracellular transport extraction of a reliable Py is not possible.

Apart from the experimental (in vitro) methods summarized above,
there are various predictive (in silico) approaches for determining Py.
Among them, quantitative structure-activity relationship (QSAR)
models are purely empirical and not based on a mechanistic under-
standing of the permeation process. They are often trained on struc-
turally similar molecules and therefore have limited transferability to
structurally different molecules (Lomize et al., 2019).

A mechanistic approach for predicting permeability is the solubility-
diffusion model (SDM) which regards the permeation process as a
combination of consecutive diffusion and partitioning steps in the
different layers of the membrane. Membranes are heterogeneous and
consist of a polar headgroup region and a non-polar hydrocarbon core.
However, for the majority of compounds, the hydrocarbon core con-
sisting of long chain fatty acids is the main permeation resistance (Bit-
termann and Goss, 2017; Lomize and Pogozheva, 2019). Due to the
chain length comparable to fatty acids, the hydrocarbon core is well
modelled by hexadecane (Finkelstein, 1976; Walter and Gutknecht,
1986). Consequently, Po spm can be calculated from the diffusion coef-
ficient of the compound in hexadecane (Dyey), the hexadecane-water
partition coefficient (Kpex/w) and the thickness of the hexadecane-like
hydrocarbon core (xp,):

Dhex 'Khex/w

Xm

1:)().SDM = (3)

Ideally, all in vitro and in silico approaches should lead to the same P
for a given compound. Indeed, Py extracted from BLM experiments have
proven to be well-predicted by the SDM over more than 7 orders of
magnitude (Bittermann and Goss, 2017; Dahley et al., 2022). In contrast,
our attempt to predict Py extracted from Caco-2/MDCK experiments by
Avdeef (2012) with the SDM was unsuccessful, with deviations of
several orders of magnitude for a large number of compounds (see
Fig. 1). In order to further elucidate this problem, a direct comparison of
experimental Pg gim and Py caco-2/Mpck Would be desirable, but Py was
determined in both in vitro assays for only a small number of compounds.
The existing data suggest that there are deviations between experi-
mental Popiyv and experimental Pgcaco-2/mpck published by Avdeef
(2012) that are particularly pronounced for lipophilic compounds
(Dahley et al., 2022).

However, it has recently been shown that the dataset published by
Avdeef (2012) contains a considerable number of incorrect experi-
mental Pgcaco-2/Mmpck- Dahley et al. (2023) demonstrated that some
experimental Pgcaco-2/Mpck are substantially too low because
concentration-shift effects resulting from pH-differences in the
Caco-2/MDCK assay were not considered. In addition to these
concentration-shift effects, Ebert et al. (2024) recently identified further
problems in the dataset of experimental Pg caco-2/Mpck published by
Avdeef (2012) and presented a revised and extended dataset of experi-
mental Pg caco-2/MDCK-

Based on reliable experimental Pgcaco-2/Mpck We want to
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Fig. 1. Comparison of experimental log Pg, caco-2/Mpck and predicted log Po spm-
Experimental log Pg caco-2/Mpck Were obtained from Avdeef (2012). Predicted
log Py spm were calculated from predicted Khex/w according to Eq. (3). Please
note that for cefsulodine and cephaloridine prediction of log Py spm was not
possible due to their permanent charge. The gray solid line represents the
identity line.

demonstrate that Py of biological membranes can be predicted by both
BLM experiments and the SDM. As a starting point, we i) conducted our
own MDCK and BLM transport experiments to extend the overlap be-
tween experimental Po vpck and Pogrv and find a correlation between
both methods and ii) compared Pg mpck extracted from our own trans-
port experiments and Py ypck predicted by BLM experiments to test the
predictive power of the correlation. We then iii) compared Py mpck
extracted from our own transport experiments and P mpck predicted by
the SDM to verify whether the correlation obtained for experimental
BLM values is transferable to predicted SDM values. Lastly, we iv)
compared Pg caco-2/Mpck Obtained from the revised dataset recently
published by Ebert et al. (2024) and Pg caco-2/Mmpck predicted by the SDM
to verify whether the correlation obtained in our laboratory is trans-
ferable to other laboratories.

2. Material and methods
2.1. Selection of compounds

For the extraction of Popim and Pompck from our own transport
experiments, the 14 pharmaceutical compounds acebutolol, amanta-
dine, chloroquine, diclofenac, fluvastatin, metoprolol, nadolol, pindolol,
ranitidine, rizatriptan, salicylic acid, scopolamine, talinolol and ven-
lafaxine were selected based on their diversity in predicted Pg spm. The
respective suppliers are listed in Table S1 in the Supporting Material. For
all selected compounds, it was ensured that the permeation process is
dominated by the membrane and not by aqueous barriers (ABL, filter,
cytosol) or paracellular transport, thus enabling the extraction of a
reliable Py.

Our own dataset of experimental Pgmpck is extended by experi-
mental Py caco-2/Mpck Published by Ebert et al. (2024). Ebert et al. (2024)
classified the Py caco-2/Mpck according to their reliability into the cate-
gories 1a, 1b, 2a and 2b. Compounds were classified in category 1 if no
obvious problems occurred in the extraction of Po,caco-2/Mpck from Pypp,
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Caco-2/MDcK and in category 2 if problems occurred (e.g metabolism,
uncertainty in pK,, inconsistency between different references). In order
to express the probability of Pg caco-2/Mpck being affected by active
transport, the letter ‘a’ was assigned to indicate that no active transport
was detected in a bidirectional measurement or an inhibitor was used,
while ‘b’ indicates more uncertain data where no action was taken to
exclude active transport. In this paper, we focus on category 1a and 1b,
which have the highest reliability.

2.2. Extraction of experimental Py gy

Papp,sim Was determined in BLM experiments with DPhPC mem-
branes containing physiological amounts of cholesterol and sphingo-
myelin as described by Dahley et al. (2022). In brief, the
painting-technique described by Mueller et al. (1963) was used to form
black lipid membranes over an aperture (diameter: 1 mm), separating
donor and acceptor compartment. Membrane formation and integrity
was assured by electrical measurement of capacitance. The Ppp prm of
the test compounds (5-100 pg/ml) at room temperature and at a stirring
speed of 400 rpm was determined in a single-pH measurement using the
iso-pH method. The following buffers were used to adjust the pH: 10 mM
B-alanine (pH 4), 5 mM f-alanine and 5 mM MES (pH 5), 10 mM MES
(pH 6), 10 mM MOPS (pH 7), 10 mM TAPS (pH 8-9) and 10 mM CAPSO
(pH 10). Samples from the acceptor compartment were taken at regular
time steps of 30 or 60 min and the sample volume was replaced with
fresh buffer until the membrane collapsed or the capacitance was
outside the specified range. The samples were analyzed using LC-MS/MS
(Agilent Technologies Inc., Santa Clara, USA).

Papp,sLm for amantadine, diclofenac, fluvastatin, metoprolol, nadolol,
salicylic acid and venlafaxine were obtained from Dahley et al. (2022).
Papp,eim for acebutolol, chloroquine, pindolol, ranitidine, rizatriptan,
scopolamine and talinolol were determined in this work.

The method of determining Poppm from Papp v differs between
Dahley et al. (2022) and this work in one aspect. In Dahley et al. (2022)
we assumed the contribution of the ABL to be completely negligible. For
higher accuracy, we consider the contribution of the ABL in this work
and extract Popryv from Pupppim according to Eq. (2). Papr can be
calculated from the diffusion coefficient in water at 25 °C (Dy25°c)),
which is a function of molecular weight (MW) (Avdeef, 2010), and the
experimentally determined ABL thickness (xapy) of 250 um (Dahley
et al., 2022):

Dy 2sc)

PABL = X (4)
ABL

With:

Dw(ZS“C) — 10(—4.13—0.453«log(MW)) (5)

The calculation of f;, for acids and bases can be found in Egs. (S2)-
(S5) in the Supporting Material. The pK, values of all test compounds
required for the calculation of f;, are listed in Table S2 in the Supporting
Material.

For better comparability with experimental P mpck, the experi-
mental Po grm values were adjusted in two aspects: (i) BLM assays were
conducted at a room temperature of about 25 °C, while MDCK assays
were conducted at 37 °C. Temperature differences result in differences
in the diffusion coefficient. Compared to 25 °C, Avdeef et al. (2005)
reported a 1.348-fold increase in the diffusion coefficient at 37 °C.
Consequently, Po gr.m was multiplied by a temperature correction factor
of 1.348. (ii) The thickness of the membrane interior is about 40 A for
the artificial BLM membranes used in this work (Dahley et al., 2022) and
about 20 A for biological membranes (Fettiplace et al., 1971). To ac-
count for the different thicknesses, Pg g was multiplied by a factor of 2.
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2.3. Extraction of experimental P mpck

Papp,mpck was determined in MDCK transwell assays as described by
Dahley et al. (2023) using the iso-pH method, which has proven to be
advantageous over the gradient-pH method in the extraction of Po mpck
(Dahley et al., 2023). In brief, MDCK-II-wildtype cells (The Netherlands
Cancer Institute, Amsterdam, The Netherlands) were grown on 12-Well
PET inserts (Cat. No. 9310402, CellQART, Northeim, Germany) for three
days to form a confluent monolayer. In order to inhibit active transport,
the inserts were preincubated with 2 pM elacridar prior to the transport
experiments and 2 uM elacridar were added to the stock solutions of the
test compounds. The apical-to-basolateral Puppmpck of the test com-
pounds (5-20 pg/ml) at a temperature 37 °C and a shaking speed of 450
rpm was determined either in a multiple-pH measurement or a single-pH
measurement. The following buffers were used to adjust the pH: HBSS +
10 mM MES (pH 5-6.5), HBSS + 25 mM HEPES (pH 7-8) and HBSS + 10
mM TAPS (pH 8.5-9). Throughout the experiment, the pH was constant
within a range of + 0.2. The cell viability was not affected by pH (see
Fig. S1 in the Supporting Material). Samples from the basolateral
acceptor compartment were taken after 10, 20 and 30 min by completely
replacing the basolateral buffer. Samples from the apical donor
compartment were taken after 30 min to calculate recovery. The sam-
ples were analyzed using LC-MS/MS (Agilent Technologies Inc., Santa
Clara, USA). Monolayer integrity was assured by measuring Papp mpck of
the paracellular marker Lucifer Yellow at pH 7.4 and the TEER for each
individual insert (Dahley et al., 2023). The average Papp Mpck of Lucifer
Yellow was 5.7 & 2 x 10”7 cm/s and the average TEER was 139 + 6 Q
cm? before the transport experiments and 140 + 12 Q cm? after the
transport experiments.

Po,mpck for amantadine, chloroquine and venlafaxine were obtained
from Dahley et al. (2023) from a multiple-pH measurement of Py, Mpck-
Po,mpck for ranitidine was determined accordingly in this work from a
multiple-pH measurement of P, vpck at pH 5.0, 6.0, 7.0, 7.4, 8.0 and
9.0.

For acebutolol, diclofenac, fluvastatin, metoprolol, nadolol, pindo-
lol, rizatriptan, salicylic acid, scopolamine and talinolol, Papp mpck Was
determined in a single-pH measurement. The pH was chosen so that the
membrane significantly contributes to Papp Mpck, while the contribution
of paracellular transport, ABL, filter and cytosol remains relatively
small. Pgmpck of a single membrane was extracted from P,p, vpck ac-
cording to Eq. (S1) in the Supporting Material. Pag;, Pfilter, Sﬁ;b, Peytand
f, were calculated as described in detail by Dahley et al. (2023). Ppara
was estimated according to Avdeef and Tam (2010):

Ppara = ng(W”C)F(%)E(Aw) =+ (%DW(SPC) (6)

Where ¢/3 is the porosity-pathlength ratio of the first size-restricted
and cation-selective pathway and &/8; is the porosity-pathlength ratio of
the second size- and charge-independent pathway. Dys7:cy is the
diffusion coefficient of the compound in water at 37 °C, F(r/R) is the
Renkin hydrodynamic sieving function for cylindrical water channels
and E(A¢) accounts for the potential drop across the electric field along
the pores (Avdeef and Tam, 2010). For ¢/8, R and A¢d we applied the
parametrization determined for MDCK cells from the Netherlands Can-
cer Institute by Avdeef (2010). For £/8; we used 0.05 as described by
Bittermann and Goss (2017). Dy(s7:cy was calculated according to Eq.
(5) and multiplied by a factor of 1.348 to account for the temperature of
37 °C (Avdeef et al., 2005).

In order to check whether this method of calculating Ppar, is valid for
our setup, we determined Pypp Mpck Of four paracellular markers, two
acids (chlorothiazide, furosemide) and two bases (atenolol, sulpiride)
(Avdeef, 2010). The pH was chosen to minimize the f, and thus the
transcellular transport of the compounds (pH 8.0 for acids and pH 5.0 for
bases). It can therefore be assumed that the measured Pppmpck Was
equal to Pp,ra. Due to the low permeability, higher stock concentrations
(20 pg/ml instead of 5-20 pg/ml) and longer sampling times (20, 40, 60
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min instead of 10, 20, 30 min) were used for the determination of Ppara
compared to the determination of Pg vpck. Since the Papp mpck of the two
bases nadolol and ranitidine was relatively close to the calculated Ppara,
Ppara Was experimentally determined for both compounds under the
same conditions as for the paracellular markers to increase the accuracy
of the extracted Po mpck. The comparison of experimental and calculated
Ppara shows that an adjustment factor of 1.67 for acids and 0.21 for bases
needs to be included in the calculation of Ppaa for our setup (see
Table S3 in the Supporting Material).

2.4. Prediction of Po spm

Po,spm was predicted according to Eq. (3). The diffusion coefficient in
hexadecane (Dpex) Was assumed to be one tenth of the diffusion coeffi-
cient in water at 37 °C (Dy(7°c)) (Bittermann and Goss, 2017). The
thickness of the hexadecane-like membrane interior (x,) was assumed
to be 20 A for biological membranes (Fettiplace et al., 1971). The
hexadecane-water partition coefficient (Kpex/w) was predicted based on
Linear Solvation Energy Relationship (LSER) descriptors using the
UFZ-LSER database (Ulrich et al., 2017). Where available, experimental
LSER descriptors were used, preferably from the “UFZ-preselected
published values” dataset.

3. Results and discussion
3.1. Prediction of log Pompck based on experimental log Po pim

In order to obtain a reliable correlation between the Py extracted
from different in vitro permeability assays, the Py of 14 pharmaceutical
compounds was determined in our own BLM and MDCK experiments. A
comparison between the resulting experimental log Pg grm (see Table S4
in the Supporting Material) and experimental log Py mpck (see Table S5-
S6 and Fig. S2 in the Supporting Material) is shown in Fig. 2.

Over a range of more than 6 orders of magnitude, there is a clear
correlation between the log Py determined in both in vitro permeability
assays for all compounds. However, it is not a 1:1 correlation. The
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Fig. 2. Comparison of experimental log Py mpck and experimental log Pg gy
Experimental log Py mpck and log Pg g were determined in this work. The gray
solid line represents the identity line. The blue solid line represents the
regression line (log Py mpck = 0.84 log Pg gim - 1.85).
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experimentally determined log Pg mpck are substantially lower than the
experimentally determined log Popim. Performing a linear regression
with OriginPro 2022 (OriginLab Corporation, Northampton, MA, USA),
yields a slope of 0.84 + 0.06 and an intercept of —1.85 + 0.14 (R® =
0.94):

log PO.MDCK = 0~8410gP0.BLM —1.85 (7)

Thus, the regression function obtained from our data is in excellent
agreement with the regression function obtained by Lomize and
Pogozheva (2019), who found a slope of 0.81 and an intercept of -1.88
when comparing the experimental log Py of artificial (BLM and lipo-
some) and biological (Caco-2, MDCK and blood-brain barrier)
membranes.

The intercept of —1.85 + 0.14 can be explained by differences in the
composition of biological MDCK membranes and artificial BLM mem-
branes. Lomize and Pogozheva (2019) hypothesized that the reduced
permeability of biological membranes compared to artificial membranes
might be attributed to cholesterol and sphingomyelin. Indeed, after
addition of cholesterol to lecithin membranes a decrease in permeability
of 0.6 to 1.1 log units was reported by Finkelstein (1976) and Xiang et al.
(2000). However, the permeability-reducing effect of cholesterol ap-
pears to differ between different lipids and might be attenuated by
sphingomyelin (Dahley et al., 2022). After addition of physiological
amounts of cholesterol and sphingomyelin to DPhPC membranes, as in
this work, no substantial change in permeability was observed (Dahley
et al.,, 2022). In addition to the differences in lipid composition, bio-
logical membranes, unlike artificial membranes, contain proteins. Pro-
teins decrease the accessible surface area (Di et al., 2012) and increase
the membrane thickness (Mitra et al., 2004), resulting in a reduced
permeability of biological membranes.

The slope of 0.84 + 0.06 is close but not equal to the mechanistically
expected slope of 1. For comparison, we therefore additionally per-
formed a linear regression with a fixed slope of 1 (see Fig. S3 in the
Supporting Material). Due to the higher accuracy, we decided to use the
slope of 0.84 for the prediction of log Py mpck in the following plots. The
plots using a fixed slope of 1 are shown in Figs. S4-S7 in the Supporting
Material.

The experimental log Po mpck are plotted against the predicted log Py,
Mmbck, calculated from experimental Py gy according to Eq. (7), in Fig. 3.
The prediction exhibits a Root Mean Square Error (RMSE) of 0.48.

3.2. Prediction of log Pompck based on predicted log Po spm

Given that experimental Py g have proven to be well-predicted by
the SDM (Bittermann and Goss, 2017; Dahley et al., 2022), the corre-
lation between predicted Pg spm and experimental Py mpck is expected to
be similar to the correlation between experimental Pg v and experi-
mental Pgmpck in Eq. (7). Indeed, plotting experimental log Py mpck
against predicted log Powmpck, calculated from predicted Pgspm (see
Table S7 in the Supporting Material) according to Eq. (7), reveals the
same trend (see Fig. 4).

However, compared to Fig. 3, the scatter in Fig. 4 is substantially
larger, which is reflected in a substantially higher RMSE of 1.14. This
can be attributed to uncertainties in predicting Khex/w, Which is the
critical input parameter in the SDM (see Eq. (3)). Kpex/w is calculated
based on Linear Solvation Energy Relationship (LSER) descriptors. The
accuracy of the calculated Kpeyx/w depends on the quality of the under-
lying LSER descriptors. In general, accuracy is substantially higher when
experimental descriptors are used instead of predicted descriptors (Endo
and Goss, 2014). Therefore, we mainly used compounds for which
experimental descriptors are available. The sole exception where pre-
dicted descriptors were used is talinolol. Fig. 4 illustrates that talinolol is
indeed the compound with the largest deviation between experimental
and predicted log Pompck. Excluding the outlier talinolol, the RMSE
decreases to 0.83. This underlines that experimental descriptors should
be preferred over predicted descriptors. However, the quality of the
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experimental descriptors also varies among compounds, as it depends on
the number, diversity and quality of the experimental partition co-
efficients used to calibrate the descriptors (Endo and Goss, 2014). It is
imperative that these underlying experimental partition coefficients are
explicitly determined for the neutral species, without any influence from
the ionic species. Uncertainties concerning speciation are more likely to
occur with dianions or dications, which might explain the pronounced
deviation of the dication chloroquine from the identity line.

3.3. Prediction of log Py, caco-2/mpck from literature based on predicted log
Po,spm

For a small dataset of 14 compounds, we were able to show that
experimental P mpck are well-predicted by the SDM. In order to find out
whether this also applies to a larger dataset, experimental log Po caco-2/
mpck from the revised dataset published by Ebert et al. (2024) are
plotted against predicted log Pg caco-2/Mpck, calculated from predicted
Po,spm according to Eq. (7), in Fig. 5. In order to reduce uncertainties, we
only included compounds for which the experimental Pg caco-2/Mpck Was
categorized as very reliable (categories 1a or 1b according to Ebert et al.
(2024)) and for which experimental LSER descriptors are available.
Plots that additionally include experimental Py caco-2/mMpck Of low reli-
ability (categories 2a and 2b according to Ebert et al. (2024)) and
compounds for which only predicted LSER descriptors are available are
shown in Fig. S8 in the Supporting Material.

Overall, there is good agreement between experimental and pre-
dicted log Pg caco-2/Mpck- As the examples of ranitidine, fluvastatin and
chloroquine in Fig. 4 show, deviations of up to 1.5 log units between
experimental and predicted log Pompck can occur due to poor LSER
descriptors and the associated uncertainties in Kpex/w. For the two
compounds cyclosporin A and dopamine, the experimental log P caco-2/
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Fig. 5. Comparison of experimental log P caco-2/mpck and predicted log Pg caco-
2/Mpck- Experimental log Py caco-2/mMpck Of reliability category 1a and 1b were
obtained from Ebert et al. (2024). Predicted log Pg caco-2/Mpck Were calculated
from predicted log Py gpm according to the equation: log Po, caco-2/mMpck = 0.84
log Po,spm - 1.85. Predicted log Py spm were calculated from predicted Kpex/w
according to Eq. (3). Predicted Kpex/w Were calculated based on experimental
LSER descriptors. The gray solid line represents the identity line, deviations of
+1 log unit are indicated as gray dotted lines. The RMSE including outliers is
shown in black, the RMSE excluding outliers is shown in orange.
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mpck deviates from the predicted log Pg caco-2/Mpck by more than 2 log
units. The fact that these compounds are outliers can be attributed to
either an incorrectly predicted log Pgspm resulting in an incorrectly
predicted log Po caco-2/Mpck and/or an incorrect experimental log Pg caco-
2/Mpck- Our first step in assessing the reliability of the predicted log Po,
spm was to compare it with experimental log Pg grm. Unfortunately, no
experimental log Poppym is available for both outliers. Therefore, our
second step in assessing the reliability of the predicted log Pg spm was to
compare the underlying Kpex/w predicted from LSER descriptors to the
Khex/w predicted by the alternative method COSMOthermX18 (COS-
MOlogic GmbH & Co KG, Leverkusen, Germany) (Eckert and Klamt,
2002). For cyclosporin A a log Kpex/w 0f —11.17 resulting in a predicted
log Pg spm of —10.87 was calculated based on LSER descriptors, while a
substantially higher log Kpex/w of —4.44 resulting in a predicted log Pg,
spm of —4.14 was calculated based on COSMOtherm. Assuming a pre-
dicted log Pospm of —4.14 for cyclosporin A based on the log Kpex/w
calculated with COSMOtherm, the experimental log Pg caco-2/Mpck is in
good agreement with the predicted log Pg caco-2/Mpck. For dopamine,
there is no substantial difference between log Kpexw (LSER: -5.06,
COSMOtherm: —4.71) and the resulting log Po spm (LSER: —4.35, COS-
MOtherm: —4.00) calculated with both methods, which might indicate
that in the case of dopamine it is not the predicted Pogspm but the
experimental P caco-2/mpck that is incorrect. Although Ebert et al.
(2024) took great care to eliminate the contribution of paracellular
transport in the extraction of Pgcaco-2/Mpck from Papp caco-2/MDCKs
experimental log Pg caco-2/Mpck that are substantially above the identity
line, as in the case of dopamine, but also cyclosporin A might indicate
that these compounds are transported paracellularly and the extracted
experimental log Pg caco-2/Mpck are therefore incorrect. In order to es-
timate Ppara, Ebert et al. (2024) used Eq. (6) which might be increasingly
inaccurate for very small molecules such as dopamine (MW: 153.18
g/mol) and very large molecules such as cyclosporin A (MW: 1202.60
g/mol).

Fig. 5 confirms that the experimental log Pg caco-2/Mpck Of a large
dataset of 50 compounds is well-predicted by the SDM, exhibiting an
RMSE of 1.22 (including all compounds) or 0.86 (excluding the outliers
cyclosporin A and dopamine). The RMSE obtained for literature data is
almost identical to the RMSE obtained for in-house data, which proves
the transferability of the prediction to the Caco-2 cell line and to other
laboratories.

The accuracy of the prediction decreases with the quality of the LSER
descriptors. Including compounds for which only predicted descriptors
are available increased the RMSE from 1.22 to 1.35 (see Fig. S8A in the
Supporting Material). Including compounds for which the experimental
Po,caco-2/Mpck Was classified as category 2 due to problems in the
extraction increased the RMSE more substantially from 1.22 to 1.54 (see
Fig. S8B in the Supporting Material). A similar RMSE of 1.58 is obtained
when all compounds are included regardless of the quality of their LSER
descriptors or experimental Pg caco-2/Mmpck (see Fig. S8C in the Support-
ing Material). Thus, the degree of agreement between experimental and
predicted Pg caco-2/Mpck depends mainly on the quality of the experi-
mental Py caco-2/Mpck and less on the quality of the LSER descriptors.

After showing that the experimental Pgcaco-2/Mpck published by
Ebert et al. (2024) are well-predicted by the SDM, the question arises
why the experimental Pg caco-2/Mpck Published by Avdeef (2012) deviate
from the SDM for a large number of compounds (see Fig. 1). According
to Ebert et al. (2024) the reason for this are incorrect experimental P,
Caco-2/MDCcK- As shown in Fig. 6, about 25 % of the compounds selected by
Avdeef (2012) are zwitterions. For zwitterions, Avdeef (2012) assumed
in most cases that the permeability of the zwitterionic species is equal to
the permeability of the neutral species of a compound. However, studies
with amino acids indicate that the permeability of the zwitterionic
species might be substantially lower than the permeability of the neutral
species and therefore both species cannot be treated equally (Chakra-
barti and Deamer, 1992). For about 30 % of the compounds, the
experimental Pg caco-2/Mpck reported by Avdeef (2012) are too low
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Fig. 6. Comparison of experimental log Pg caco-2/Mpck and predicted log Po, caco-
2/Mmpck- Circles represent compounds for which extraction of a reliable experi-
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derlying Papp,caco-2/Mpck (1 = 48). Crosses represent compounds for which
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Experimental log Pg caco-2/Mpck Were obtained from Avdeef (2012). Predicted
log Po,caco-2/mpck Were calculated from predicted Pogpv according to the
equation: log Po caco-2/Mpck = 0.84 log Po spum - 1.85. Predicted log Po spm were
calculated from predicted Kpex/w according to Eq. (3). Predicted Kpexw Were
calculated based on experimental and predicted LSER descriptors. Please note
that for cefsulodine and cephaloridine prediction of log Po spy Was not possible
due to their permanent charge. The gray solid line represents the identity line,
deviations of +1 log unit are indicated as gray dotted lines.

because the underlying Papp caco-2/Mpck Was dominated by the ABL.
About 10 % of the reported experimental Pg caco-2/Mpck are too high
because the underlying Papp,caco-2/Mpck Was dominated by paracellular
transport. In addition, some compounds are transported actively or re-
covery issues occurred due to high lipophilicity, which negatively affects
the extraction of a reliable experimental Pg caco-2/MDCK-

For only 25 % of the selected compounds, Papp,caco-2/Mpck is domi-
nated by the membrane and thus a reliable experimental Py caco-2/MDCK
can be extracted. With the exception of cyclosporin A and digoxin, these
remaining reliable experimental Pg caco-2/Mpck are no longer in contra-
diction with the Py caco-2/Mpck predicted by the SDM. Analogous to the
deviation of cyclosporin A discussed previously, the deviation of digoxin
can be attributed to uncertainties in the predicted Kpex/w and the asso-
ciated predicted Po,caco-2/Mpck and uncertainties in the estimated Ppara
for molecules with high molecular weight and the associated experi-
mental Pgcaco-2/Mpck. The experimental Pgcaco-2/Mpck €xtracted by
Avdeef (2012) differ in most cases by less than one log unit from the
experimental Pg caco-2/Mpck €Xtracted by Ebert et al. (2024). This is re-
flected in an RMSE of 1.51, which is comparable to the RMSE of 1.58
obtained for the data from Ebert et al. (2024) including all compounds
regardless of the quality of the experimental P caco-2/Mpck Or LSER de-
scriptors (see Fig. S8C in the Supporting Material). Avdeef (2012) and
Ebert et al. (2024) thus hardly differ in the experimental Py caco-2/MpCK
extracted from membrane-dominated Pgapp, caco-2/Mpck, but rather in
which Papp caco-2/Mpck are considered as membrane-dominated. The
application of stricter exclusion criteria by Ebert et al. (2024) was
necessary to generate a more reliable dataset. However, due to the
stricter exclusion criteria, there might be compounds among the
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excluded compounds for which the Pupp caco-2/Mpck Was classified as
limited by the ABL or paracellular transport, although an extraction of
P, caco-2/Mpck might still have been possible. This might explain why the
experimental log Po caco-2/Mmpck Of some excluded compounds is never-
theless in good agreement with the predicted log Po caco-2/MDCK-

4. Conclusion

In this work, we introduced a fast, simple and reliable method for
predicting Po caco-2/Mpck based on experimental Py i or predicted P,
spm (see Eq. (7)). The accuracy of the predicted Pg caco-2/Mpck Was
evaluated against experimental Py vpck obtained from our own trans-
port experiments (RMSE = 0.48 based on experimental Pg g, RMSE =
0.83 based on predicted Py spm) and revised experimental Pg caco-2/MDCK
obtained from Ebert et al. (2024) (RMSE = 0.86 based on predicted Py,
spm)- The accuracy of the predicted Pg spu is determined by Khex/w. In
this work Kpex/w Was calculated from LSER descriptors and therefore
substantially depends on the quality of the underlying LSER descriptors.
Due to the higher reliability, experimental LSER descriptors should be
used. However, for a rough estimation of Pg caco-2/MDCck, OUr model
works sufficiently well with predicted LSER descriptors (RMSE = 1.35).

A reliable prediction of P caco-2/Mpck €nables modelling of Papp, in
different in vitro and in vivo scenarios (different ABL thicknesses,
different paracellular transport, different pH conditions). Our model can
therefore be used to systematically screen the permeability of potential
drug candidates through biological membrane in early drug discovery. It
enables the computational determination of Py caco-2/Mpck for com-
pounds for which an experimental determination of Pg caco-2/Mpck in
vitro is not possible, e.g. for hydrophobic compounds due to ABL limi-
tation. Furthermore it serves as a useful tool for optimizing the setup for
the experimental determination of reliable Pg caco/mpck. However, it
should be noted that our model is only applicable to compounds for
which the non-polar hydrocarbon core and not the polar headgroup
region of the membrane is the limiting barrier for permeation. Thus, the
permeability of compounds that are more hydrophobic than those dis-
cussed in this work might be overestimated by our prediction.
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