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A B S T R A C T

Reliable membrane permeability data are essential in early drug development. Therefore, there is a strong need 
for robust experimental high-throughput screening methods, or ideally, accurate predictive tools, to assess 
membrane permeability. In a previous study, we demonstrated that the solubility-diffusion model can success
fully predict passive permeability across biological Caco-2 and MDCK membranes, provided accurate hex
adecane/water partition coefficients (Khex/w) are available.

In this study, we investigated the HDM-PAMPA method for determining Khex/w. We measured our own data 
(64 compounds) using this assay and compared the results with established methods such as black lipid mem
brane (BLM) experiments and classical two-phase systems. Our results show good agreement across methods, 
with both our data and literature values aligning closely.

Using these experimentally determined Khex/w values, we achieved accurate predictions of permeability in 
Caco-2 and MDCK cell membranes (RMSE = 0.8, n = 29) based on a previously calibrated equation. We further 
evaluated the in silico prediction of Khex/w using the UFZ-LSER database and the software COSMOtherm. COS
MOtherm performed nearly as well as experimental measurements (RMSE = 1.20, n = 29), while the LSER 
approach (RMSE = 1.63, n = 29) is best applied when experimental descriptors are available or as a complement 
to COSMOtherm. This work highlights the practical utility of Khex/w in high-throughput permeability estimation, 
which can support efficient screening and prioritization of drug candidates in pharmaceutical research.

1. Introduction

Intrinsic membrane permeability (P0), defined as the pH- 
independent passive membrane permeability of the neutral species, is 
a key parameter in drug development, as it critically affects a com
pound’s absorption, distribution, metabolism and excretion (Di et al., 
2020; Fagerholm, 2008). The in vitro gold standard for predicting 
permeability, particularly in the gastrointestinal tract, are cell-based 
assays (Hubatsch et al., 2007). These assays measure the transport of a 
compound from the donor to the acceptor compartment across a Caco-2 
(human colorectal adenocarcinoma) or MDCK (Madin-Darby canine 
kidney) cell monolayer grown on a permeable filter support. However, 
they are associated with several limitations, including high time and cost 
demands and a considerable risk of erroneous data evaluation (Ebert 
et al., 2024). Consequently, a reliable in silico approach for predicting P0, 

Caco-2/MDCK is highly desirable.
In our recent work (Dahley et al., 2024), we demonstrated that P0, 

Caco-2/MDCK is reliably predicted by the solubility-diffusion model-der
ived intrinsic membrane permeability (P0,SDM) using the following 
empirical correlation: 

logP0,Caco− 2/MDCK = 0.84⋅logP0,SDM − 1.85 (1) 

Assuming that the hydrophobic membrane interior represents the 
main barrier to permeation (Bittermann and Goss, 2017; Lomize and 
Pogozheva, 2019) and is well-modelled by hexadecane (Finkelstein, 
1976; Walter and Gutknecht, 1986), P0,SDM is calculated from the 
diffusion coefficient of the compound in hexadecane (Dhex), its partition 
coefficient between hexadecane and water (Khex/w) and the thickness of 
the hexadecane-like membrane interior (xm): 

P0,SDM =
Dhex⋅Khex/w

xm
(2) 

While both Dhex and xm can be estimated with reasonable accuracy, 
the key parameter for reliably predicting P0,Caco-2/MDCK is Khex/w. In our 
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previous work (Dahley et al., 2024), Khex/w was successfully predicted 
from experimental linear solvation energy relationship (LSER) de
scriptors using the UFZ-LSER database. However, experimental LSER 
descriptors are available only for a limited number of compounds and 
their determination is time-consuming. Using predicted instead of 
experimental descriptors increases the uncertainty in Khex/w. It therefore 
remains to be determined whether Khex/w can be reliably predicted using 
an alternative tool such as COSMOtherm or accurately measured using a 
high-throughput method.

The partition coefficient of a compound is typically measured in a 
system of two immiscible phases (e.g. stir-flask method, shake-flask 
method). It is defined as the ratio of concentrations in both phases at 
equilibrium (Berthelot and Jungfleisch, 1872). However, extracting 
Khex/w from two-phase systems is time-consuming and complex since it 
can be affected by temperature, time to equilibration, measurement in 
one or both phases, solute concentration, degradation, purity of mate
rials, buffer, centrifugation and phase volume ratio (see Dearden and 
Bresnen (1988) for details). A reliable high-throughput alternative to the 
standard two-phase system for determining Khex/w would therefore be 
highly advantageous.

Besides the conventional two-phase system, Khex/w can also be 
derived from permeability assays, using the rearranged form of Eq. (2). 
One such example is the black lipid membrane (BLM) assay, which 
demonstrates a strong correlation between membrane permeability and 
Khex/w (Walter and Gutknecht, 1986). Unfortunately, BLM assays are not 
suitable for high-throughput screening. A widely used high-throughput 
method for determining permeability in pharmaceutical research is the 
Parallel Artificial Membrane Permeability Assay (PAMPA). Similar to 
Caco-2/MDCK assays, PAMPA assays consist of two compartments, 
donor and acceptor, separated by a filter. However, unlike the 
Caco-2/MDCK assays, no cells are seeded onto the filter; instead, it is 
impregnated with lipid (e.g. egg lecithin, DOPC, phospholipid mix
tures). This approach is questionable, as the lipid in PAMPA does not 
form a well-defined bilayer structure like that found in artificial black 
lipid membranes or biological membranes (Assmus et al., 2017). To 
address this limitation, Wohnsland and Faller (2001) introduced 
HDM-PAMPA, which uses hexadecane instead of lipid. Based on a 
dataset of 16 compounds they demonstrated strong agreement between 
the Khex/w obtained from a two-phase system and those derived from 
HDM-PAMPA. Consequently, HDM-PAMPA could serve as a promising 
high-throughput method for determining Khex/w, which could subse
quently be used to predict P0,Caco-2/MDCK according to Eqs. (1) and (2).

Given this potential, we conducted new HDM-PAMPA measurements 
to evaluate their utility in predicting P0,Caco-2/MDCK. The specific objec
tives of this work were to: (i) validate HDM-PAMPA as a reliable method 
for determining log Khex/w by comparing the log Khex/w extracted from 
our own HDM-PAMPA permeability assays to those extracted from two- 
phase systems, BLM permeability assays and to literature-reported 
HDM-PAMPA permeability data, (ii) assess the reliability of log Khex/w 
predictions by comparing the log Khex/w extracted from our own and 
literature HDM-PAMPA permeability assays to those predicted by the 
UFZ-LSER database and COSMOtherm, (iii) demonstrate the accuracy of 
predicting P0,Caco-2/MDCK from HDM-PAMPA-derived log Khex/w accord
ing to Eqs. (1) and (2) by comparing experimental and predicted P0,Caco- 

2/MDCK and (iv) determine whether LSER- or COSMOtherm-predicted log 
Khex/w can serve as a viable alternative to HDM-PAMPA-derived log 
Khex/w for predicting P0,Caco-2/MDCK by comparing experimental and 
predicted P0,Caco-2/MDCK.

2. Material and methods

2.1. Selection of compounds

To assess whether the experimental log Khex/w obtained from HDM- 
PAMPA allow for accurate prediction of P0,Caco-2/MDCK according to Eq. 
(1), we selected only compounds for which high-quality experimental 

P0,Caco-2/MDCK are available. Specifically, we focused on the 39 com
pounds whose experimental P0,Caco-2/MDCK were classified as highly 
reliable (category 1a) by Ebert et al. (2024). Ten of these compounds 
were excluded because either their acquisition (bremazocine, ephed
rine, meprobamate, morphine) or measurement (cimetidine, creatinine, 
cyclosporin A, triamterene, urea, vinblastine) was not feasible. Addi
tionally, 26 and 12 compounds were selected for their relevance to an 
upcoming paper on blood-brain barrier permeability and active trans
port, respectively. All chemicals and their respective suppliers are listed 
in Table S1–1 in the Supplementary Material 1.

2.2. Prediction methods

2.2.1. COSMOtherm
The COSMOtherm (2018) approach (Eckert and Klamt, 2002; Klamt, 

1995; Klamt et al., 1998) is based on the Conductor-like Screening 
Model for Realistic Solvation (COSMO-RS) theory. Starting from the 
molecular structure of a solute or solvent, quantum chemical calcula
tions are used to determine the polarization charge density on the mo
lecular surface in the presence of an embedding conductor 
(COSMOfiles). Pairwise interaction energies between these surfaces are 
then calculated and thermodynamically averaged over many ensembles. 
This procedure allows the prediction of physicochemical properties such 
as partition coefficients at infinite dilution. See Eckert and Klamt (2002)
for details. The BP-TZVPD-FINE level of theory was employed for all 
COSMO-RS calculations.

2.2.2. LSER
The linear solvation energy relationship (LSER) approach (Endo and 

Goss, 2014) provides a framework to predict solute partitioning between 
two phases based on molecular interactions. For hexadecane-water 
systems, the partition coefficient Khex/w at 25 ◦C is expressed as: 

log Khexw = 0.67E − 1.62S − 3.59A − 4.87B + 4.43V + 0.09 (3) 

Here, the solute descriptors represent key physicochemical proper
ties: E includes the excess molar refraction, S accounts for polarity and 
polarizability, A and B describe hydrogen-bond acidity and basicity, and 
V is the McGowan characteristic volume. Each term reflects the inter
action of the solute with the surrounding phase, capturing contributions 
from van der Waals forces, hydrogen bonding, and cavity formation.

Experimental solute descriptors were either taken from the 
UFZ-LSER database (2025) if available, or predicted by UFZ-LSER 
database, the Beta EAS-E Suite (2025), or with ACD/Percepta (2020).

2.3. HDM-PAMPA assay

2.3.1. Transport experiments
The HDM-PAMPA transport experiments were conducted using the 

iso-pH method, where the donor and acceptor pH are identical, to avoid 
complications in evaluating the experiments (Dahley et al., 2023). The 
pH was carefully selected to ensure that the hexadecane layer, rather 
than the omnipresent aqueous boundary layer (ABL), served as the 
primary permeation barrier. The following buffers were used for pH 
adjustment: 10 mM β-alanine (pH 4), 5 mM β-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). Stock solutions of the test compounds 
(1–5000 µg/ml) were prepared directly in buffer when possible. Spar
ingly soluble compounds were initially dissolved in DMSO and then 
diluted with buffer. The DMSO content was kept identical in both the 
buffer and stock solution, never exceeding 1 %. Each stock solution was 
filtered through a glass fibre syringe filter (pore size: 0.7 µm, diameter: 
13 mm, Carl Roth GmbH+Co. KG, Karlsruhe, Germany) before use to 
remove undissolved particles.

The HDM-PAMPA setup consisted of a bottom MultiScreen Transport 
Receiver Plate (Cat. No.: MATRNPS50, Merck KGaA, Darmstadt, Ger
many) and a top MultiScreen IP Filter Plate (pore size: 0.45 µm, filter 
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thickness: 100–145 µm, filter area: 0.3 cm², Cat. No.: MAIPN4550, 
Merck KGaA, Darmstadt, Germany). The filters were impregnated with 
3.5 µl of hexadecane. Using smaller amounts of hexadecane led to un
even filter wetting, while larger amounts caused excess hexadecane to 
accumulate on the donor compartment surface, forming grease-like 
spots. While 280 µl of buffer were added to the bottom acceptor 
compartment, 200 µl of stock solution were added to the top donor 
compartment. Using smaller buffer volumes in the acceptor compart
ment led to the formation of air bubbles between the acceptor buffer and 
the filter, reducing the available permeation area. The assembled 
PAMPA plates were incubated at 37 ◦C in a TH30 incubator (Edmund 
Bühler GmbH, Bodelshausen, Germany). To minimize evaporation, the 
PAMPA plates were placed in a desiccator filled with water instead of 
desiccant to maintain a consistently high humidity, thereby reducing 
evaporation to below 10 %.

Samples from both compartments were collected after 4, 24 or 96 h, 
depending on the expected permeability. Preliminary tests indicated 
that some compounds strongly adsorb to the surface of the PAMPA 
plates, leading to a significant underestimation of permeability. To 
saturate adsorption, the stock solution concentrations were maximized. 
Additionally, the acceptor plate was extracted with 280 µl of ethanol at 
room temperature after the transport experiment. To enhance extraction 
efficiency, the compound was kept as neutral as possible during the 
extraction. Depending on the compound’s pKa, either pure EtOH or 
EtOH supplemented with 1 % CAPSO (pH 10) or 1 % β-Ala (pH 4) was 
used. Extraction of the donor plate was not feasible, as ethanol caused 
cracks in the donor plate. Samples from the acceptor compartment were 
collected after 1 h. Sample concentrations were analyzed using an In
finity II 1260 LC system coupled to a 6420 triple quadrupole with ESI 
source (Agilent Technologies Inc., Santa Clara, USA). Transport exper
iments for each compound were conducted at least in three technical 
replicates. Pre-tests assessing inter-day reproducibility, as well as ex
periments conducted at different pH values (where the hexadecane 
barrier was the dominant resistance), and varying experimental dura
tions yielded comparable hexadecane/water partition coefficients (data 
not shown).

2.3.2. Extraction of Khex/w
From the concentrations determined in HDM-PAMPA assays, 

apparent permeability (Papp), corrected for recovery and non-sink con
ditions, was calculated according to Eqs. S1–1a and 1b.

P0 could only be derived from Papp if PABL contributed <50 % to the 
total transport resistance. In these cases, P0 was derived from Papp using 
the following equation: 

P0 =
1

1
Papp

− 1
PABL

⋅
1
fn

(4) 

Where PABL is the ABL permeability and fn is the neutral fraction of 
the compound at the experimental pH. PABL was calculated by dividing 
the diffusion coefficient of the compound in water (estimated from the 
molecular weight according to Eq. S1–2b) by the thickness of the ABL. 
The thickness of the ABL was experimentally determined to be 1112 ±
65 µm, based on the permeability of the lipophilic acid diclofenac at pH 
4. The calculation of fn and the required pKa values are provided in Eqs. 
S1–3a to 3d and Table S1–2.

Based on P0, Khex/w was calculated according to the solubility- 
diffusion model: 

Khex/w =
P0⋅xfilter

Dhex,37∘C⋅εfilter
(5) 

Where xfilter is the average filter thickness (125 µm) and εfilter is the 
porosity of the filter (0.7). In the literature, apparent porosity as 
described in Nielsen and Avdeef (2004) is sometimes used in perme
ability evaluations. This approach assumes the presence of excess lipid 
layers on both sides of the filter, effectively increasing the “apparent” 

porosity of the lipid layer and its thickness. We refrained from using 
apparent porosity, because i) this did not increase the extracted Khex/w 
by more than a factor of 1.2, and ii) because we observed the accumu
lation of the surplus hexadecane at the donor compartments surface, 
indicating that it could not fully form a thicker membrane layer as 
assumed in the calculation of apparent porosity. Dhex is the diffusion 
coefficient of the compound in hexadecane (estimated from the molec
ular weight according to Eq. S1–2d).

2.4. BLM assay

2.4.1. Transport experiments
Analogous to the HDM-PAMPA transport experiments, BLM trans

port experiments were conducted using the iso-pH method with the 
same buffer systems. Stock solutions of the three test compounds 
clonidine, sumatriptan and theophylline (300–1500 µg/mL) were pre
pared directly in the respective buffer. Transport of the test compound 
across a black lipid membrane composed of DPhPC with physiological 
amounts of cholesterol and sphingomyelin was assessed at room tem
perature. Membrane integrity was confirmed by capacitance measure
ments. Samples from the acceptor compartment were collected every 30 
min and analyzed by LC-MS/MS. For detailed methodology, see Dahley 
et al. (2022; 2024).

2.4.2. Extraction of log Khex/w
The Papp for amantadine, diclofenac, luvastatin, metoprolol, salicylic 

acid and venlafaxine were determined in Dahley et al. (2022). The Papp 
for acebutolol, chloroquine, pindolol, ranitidine, rizatriptan, scopol
amine and talinolol were reported in Dahley et al. (2024). The Papp for 
clonidine, sumatriptan and theophylline were determined analogously 
in this work.

Analogous to HDM-PAMPA assays, P0 can be calculated from Papp 
using Eq. (4).

Assuming that the hexadecane-like membrane interior serves as the 
primary permeation barrier, Khex/w in BLM assays can be extracted from 
P0 in a similar manner as Khex/w in HDM-PAMPA assays: 

Khex/w =
P0⋅xm

Dhex,25∘C
(6) 

Where xm is the thickness of the hexadecane-like membrane interior (40 
Å) and Dhex is the diffusion coefficient of the compound in hexadecane 
(estimated from the molecular weight according to Eq. S1–2c). A factor 
ε, as in Eq. (5), is not required since black lipid membranes are free- 
standing membranes without filter support.

2.5. Extraction of log Khex/w from literature HDM-PAMPA Papp

Khex/w values were derived from literature-reported HDM-PAMPA 
permeability data (Bujard et al., 2014; 2017; Nagahara et al., 2004; Petit 
et al., 2016; Rolando et al., 2010; Von Richter et al., 2009; Wohnsland 
and Faller, 2001). The stated Papp already included porosity effects, 
which is inappropriate in this context, as porosity does not influence 
transport across the ABL. Therefore, we corrected the reported Papp by 
multiplying with the porosity factor used in the respective studies.

We defined lower cut-off thresholds for permeability values, analo
gous to those used for paracellular transport in Caco-2 and MDCK cell 
assays, to account for potential artifacts such as water channel leakage 
(Avdeef, 2012; Tsinman et al., 2011) or the sensitivity limits of UV 
detection. Papp values that did not exceed this threshold were excluded 
from P0 determination. Similarly, measurements within a factor of two 
below the expected permeability of the ABL were also considered un
reliable for P0 extraction. Extracted ABL sizes and used lower cut-off 
values are stated in Table S1–3.

Additionally, if the log partition coefficient between water and 
hexadecane at the experimental pH (log Dhex/w) exceeded 3, the data 
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were excluded due to possible retention effects. These effects are not 
adequately addressed by the standard correction method, as the hex
adecane layer is unlikely to be in equilibrium with the donor compart
ment under such conditions (Ebert et al., 2024). Only four datapoints 
were affected by this retention criterion. For two of these, amitriptyline 
and chlorpromazine, literature data show that measurements at 
different pH values resulted in substantially higher log Khex/w values (see 
Table S2–2 for details).

Although these strict exclusion criteria may have also removed some 
data from which P0 values could potentially have been extracted, they 
are necessary to ensure a high-quality dataset.

Khex/w was subsequently calculated from P0 using Eq. (5). The pKa 
values used for the extraction and the resulting Khex/w values are pro
vided in Tables S2–1 and S2–2.

3. Results and discussion

3.1. Comparison of Khex/w from HDM-PAMPA and alternative methods

3.1.1. Khex/w from two-phase systems
Following the findings of Wohnsland and Faller (2001) regarding the 

suitability of HDM-PAMPA for determining Khex/w, we compared log 
Khex/w obtained from our own HDM-PAMPA experiments with literature 
data obtained from two-phase systems (see Fig. 1A).

Overall, there was good agreement between the Khex/w determined 
with both methods. Deviations were within approximately one order of 
magnitude, which is consistent with the known variability in partition 
coefficient measurements using two-phase systems. As shown in 
Table S1–4, log Khex/w - and other partition coefficients such as the 
octanol/water partition coefficient (log Ko/w) (Bahadur et al., 1997; 
Dearden and Bresnen, 1988) - can vary by up to two log units for the 
same compound, depending on the reference.

Minor deviations may also be attributed to differences in measure
ment temperature. While the Khex/w in this work and in Yazdanian et al. 
(1998) were determined at 37 ◦C, those of Walter and Gutknecht (1984)
and Wohnsland and Faller (2001) were determined at room tempera
ture. However, based on data from other partition coefficients such as 
Ko/w, this temperature difference is unlikely to significantly impact 
Khex/w (Bahadur et al., 1997).

One compound, however, stands out with a deviation of almost three 
orders of magnitude: acebutolol. This discrepancy may originate from 
the experimental setup used by Yazdanian et al. (1998). Assuming a log 
Khex/w of − 3.20 for acebutolol, as determined in our HDM-PAMPA ex
periments, the resulting log Dhex/w at pH 7.4 would be − 4.99. Given the 
equal volumes of hexadecane and water used in Yazdaniańs setup, this 

would imply that 99.999 % of the compound resided in the aqueous 
phase, with only 0.001 % in the hexadecane phase. It is likely that the 
analytical sensitivity of their method was insufficient to accurately 
quantify such low concentrations. In fact, this highlights a key limitation 
of the two-phase method: its reliability decreases significantly when the 
amount of compound is extremely small in one phase and extremely 
high in the other phase, restricting the method’s application range.

3.1.2. Khex/w from BLM assays
Due to the limitations of the two-phase system, we subsequently 

compared the log Khex/w obtained from our own HDM-PAMPA perme
ability assays with those derived from an alternative permeability assay, 
the BLM assay (see Fig. 1B).

Similar to Fig. 1A, a high level of agreement was observed between 
log Khex/w from HDM-PAMPA and BLM. Minor deviations may again be 
attributed to temperature differences during measurement, as HDM- 
PAMPA experiments were conducted at 37 ◦C, while the BLM experi
ments were performed at room temperature. The BLM setup is highly 
sensitive to vibrations and was therefore not placed inside an incubator.

In contrast to Fig. 1A, where the two-phase system produced an 
outlying value for acebutolol, log Khex/w determined by HDM-PAMPA 
and BLM shows excellent agreement. This confirms that the two-phase 
method may be unreliable for compounds with very low distribution 
into the hexadecane phase. More importantly, it demonstrates that 
permeability-based methods like HDM-PAMPA and BLM can accurately 
measure log Khex/w over a broader range of values, including compounds 
with very low hexadecane affinity, extending the applicability of parti
tion coefficient determination beyond the limits of the conventional 
two-phase approach.

3.1.3. Khex/w from HDM-PAMPA from literature
As discussed in Section 3.1.1, the partition coefficients determined in 

the conventional two-phase system exhibit high variability. To assess the 
comparability of log Khex/w obtained from HDM-PAMPA across different 
laboratories and experimental setups, we compared log Khex/w from our 
own HDM-PAMPA experiments with those extracted from HDM-PAMPA 
data in the literature (see Fig. 1C).

The main difference between the experimental setups is the thickness 
of the filter - and consequently, the thickness of the hexadecane layer. 
Filters used in this work had an average thickness of 125 µm, while those 
used by Wohnsland and Faller (2001), Von Richter et al. (2009) and 
Bujard et al. (2017) were considerably thinner at approximately 10 µm. 
The detection method also varied, with mass spectrometry used in this 
work and UV absorption used in the other studies. Additionally, exper
iments in this work were conducted at 37 ◦C, while the literature data 

Fig. 1. Comparison of log Khex/w derived from HDM-PAMPA assays (see Table S1–5) with A) log Khex/w derived from two-phase systems, B) log Khex/w derived from 
BLM assays (see Table S1–6) and C) log Khex/w derived from HDM-PAMPA assays in the literature (see Table S2–1). The gray solid line represents the line of identity, 
deviations of ±1 log unit are shown as gray dotted lines.
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were obtained at room temperature.
As shown in Fig. 1C, there is good agreement between the log Khex/w 

determined in this work and those extracted from literature data. Similar 
to Fig. 1A and 1B, deviations rarely exceed one order of magnitude. This 
suggests that the determined log Khex/w are well reproducible, regardless 
of filter thickness, detection method or temperature. The application 
range, however, is influenced by filter thickness and detection method. 
The use of thicker filters increases the relative contribution of the hex
adecane layer to the overall resistance, enabling the measurement of 
compounds that are ABL-limited in setups with thinner filters and thus 
expanding the application range toward higher log Khex/w. The use of 
LC-MS/MS instead of UV detection improves analytical sensitivity, 
enabling the quantification of lower concentrations and thus expanding 
the application range toward lower log Khex/w.

Overall, HDM-PAMPA appears to be a reliable and robust method for 
determining Khex/w, offering less variance and a broader application 
range than conventional two-phase systems.

3.2. Comparison of experimental Khex/w from HDM-PAMPA and 
predicted Khex/w

3.2.1. Prediction of Khex/w using the UFZ-LSER database
Although HDM-PAMPA enables high-throughput determination of 

experimental Khex/w, a reliable method for predicting Khex/w would be 
highly desirable.

One such approach is based on Linear Solvation Energy Relationship 
(LSER) descriptors, as provided by the UFZ-LSER database (2025). This 
database offers experimental descriptors for a large number of com
pounds and additionally allows the calculation of LSER descriptors 
directly from a compound’s Simplified Molecular Input Line Entry Sys
tem (SMILES) code. We compared the Khex/w obtained from our own 
HDM-PAMPA experiments with those predicted from LSER descriptors 
using the UFZ-LSER database (see Fig. 2A). The LSER descriptors were 
prioritized according to their expected reliability: experimental de
scriptors (UFZ-preselected published values) > experimental descriptors 
(Abraham Absolv, not preselected) > calculated descriptors.

When considering only log Khex/w predicted using experimental LSER 
descriptors from the UFZ-preselected published dataset, there is good 
agreement with the experimental log Khex/w from HDM-PAMPA (n = 19, 
RMSE = 0.77), with deviations rarely exceeding one order of magnitude.

A lower degree of agreement between experimental and predicted 
log Khex/w is observed when experimental descriptors from the Abraham 
Absolv dataset are used (n = 28, RMSE = 1.64). Although these are 

experimental descriptors, the prediction accuracy varied substantially – 
while some predicted log Khex/w closely matched the experimental log 
Khex/w from HDM-PAMPA, others deviated by more than three orders of 
magnitude. This variability arises from the differing reliability of the 
experimental descriptors, which is strongly influenced by the quality, 
quantity and diversity of the experimental partition coefficients used for 
their calibration (Endo and Goss, 2014).

As expected, the poorest agreement was observed when using 
calculated UFZ-LSER descriptors (n = 17, RMSE = 2.13), with deviations 
reaching nearly five orders of magnitude. To evaluate whether alter
native tools for calculating LSER descriptors provide better agreement, 
we compared the Khex/w predicted from calculated LSER descriptors 
from UFZ-LSER database with ACD/Percepta (n = 17, RMSE = 1.59) and 
Beta EAS-E Suite (2025) (n = 17, RMSE = 2.46), see Table S1–7. How
ever, even with these alternative tools, deviations of more than three 
orders of magnitude between predicted and experimental log Khex/w 
were still observed.

In summary, predicting log Khex/w based on UFZ-preselected LSER 
descriptors is quite accurate. However, for compounds lacking UFZ- 
preselected LSER descriptors—such as newly developed com
pounds—using the UFZ-LSER database is not reliable, as the uncertainty 
in log Khex/w predicted from Abraham Absolv or calculated LSER de
scriptors can be extremely high.

3.2.2. Prediction of Khex/w using COSMOtherm
Given the insufficient reliability of the UFZ-LSER database in pre

dicting Khex/w, we subsequently compared the log Khex/w from our own 
HDM-PAMPA experiments with those predicted by the commercial 
COSMOtherm software (see Fig. 2B).

As shown in Fig. 2B, there is good agreement between experimental 
and predicted log Khex/w (n = 64, RMSE =1.02). However, sulfadiazine 
stands out as an outlier with a deviation of >2.5 log units, which might 
be attributed to its tautomers. In our COSMOtherm calculations, tauto
mers were taken into account (treated as conformers in the COSMO
therm calculation), as considering only a single tautomer may lead to 
substantial differences in predicted log Khex/w. For sulfadiazine, we 
observed an exceptionally wide range of predicted log Khex/w across 
different tautomers, spanning from –3.5 to –13, potentially increasing 
uncertainties in the Khex/w calculation.

When UFZ-preselected LSER descriptors are unavailable, COSMO
therm appears to be the more suitable method for predicting log Khex/w 
compared to the UFZ-LSER database. This is evident from the substan
tially lower RMSE of 1.02 (n = 64) for the COSMOtherm prediction, 

Fig. 2. Comparison of log Khex/w derived from HDM-PAMPA assays (see Table S1–5) with A) log Khex/w predicted by the UFZ-LSER database (see Table S1–7) and B) 
log Khex/w predicted by COSMOtherm (see Table S1–7). The gray solid line represents the line of identity, deviations of ±1 log unit are shown as gray dotted lines.

C. Dahley et al.                                                                                                                                                                                                                                  European Journal of Pharmaceutical Sciences 214 (2025) 107280 

5 



compared to the RMSE of 1.60 (n = 64) for the LSER prediction based on 
the highest-quality available descriptors (experimental or calculated). 
The discrepancy becomes even more pronounced when, instead of the 
best available LSER descriptors, only predicted LSER descriptors are 
used, increasing the RMSE further to 1.90 (n = 64), see Fig. S1–1. The 
same trend is observed when using literature-derived Khex/w instead of 
our own (see Fig. S1–2). However, the COSMOtherm approach is 
considerably more time- and computationally intensive.

3.3. Comparison of experimental and predicted log P0,Caco-2/MDCK

3.3.1. Prediction of P0,Caco-2/MDCK based on experimental Khex/w
The objective of generating a reliable Khex/w was to enable the pre

diction of P0,Caco-2/MDCK according to Eqs. (1) and (2). To validate this 
approach, we compared experimental P0,Caco-2/MDCK collected by Ebert 
et al. (2024) with predicted P0,Caco-2/MDCK based on HDM-PAMPA 
derived Khex/w (see Fig. 3A).

We observed a strong agreement between experimental and pre
dicted P0,Caco-2/MDCK (n = 29, RMSE = 0.80), demonstrating that the 
prediction of P0,Caco-2/MDCK from HDM-PAMPA-derived Khex/w is accu
rate. Minor deviations may be attributed to uncertainties in the exper
imental Khex/w caused by sorption to plastics or evaporation as well as 
uncertainties in the experimental P0,Caco-2/MDCK caused by under
estimating the influence of ABL and paracellular transport or recovery 
issues (Ebert et al., 2024). To put the error of 0.8 log units into 
perspective, a comparison with the performance of Papp,Caco-2/MDCK 
predictions is not meaningful, since those typically span only about 2–3 
orders of magnitude, whereas our P0,Caco-2/MDCK values cover approxi
mately 7 orders of magnitude, and the two parameters often capture 
different underlying transport processes. A more appropriate compari
son is therefore with other P0,Caco-2/MDCK predictions: the error is 
somewhat higher than the 0.48 log units we previously reported for 
BLM-based predictions (Dahley et al., 2024), although that smaller 
dataset (n = 14) is not directly comparable, as it was used to establish 
the correlation in Eq. (1), while here we used our dataset for external 
validation. The 0.8 log unit error is also close to the 0.68 reported by 
Avdeef (2012) for P0,Caco-2/MDCK predictions from in combo-PAMPA, but 
that correlation was trained on the Avdeef dataset (n = 426), and the 
dataset still contained permeabilities influenced by factors other than 
membrane permeation, such as ABL effects (Dahley et al., 2023; Ebert 
et al., 2024). Therefore, the reported errors are not perfectly 
comparable.

3.3.2. Prediction of P0,Caco-2/MDCK based on predicted Khex/w
To assess the accuracy of P0,Caco-2/MDCK predictions based on the 

predicted Khex/w, we compared experimental P0,Caco-2/MDCK with pre
dicted P0,Caco-2/MDCK based on LSER-derived (see Fig. 3B) and 
COSMOtherm-derived Khex/w (see Fig. 3C).

A comparison of Figs. 3A and 3B reveals that when UFZ-preselected 
LSER descriptors are used, predictions based on predicted log Khex/w 
achieve a similarly strong agreement between experimental and pre
dicted P0,Caco-2/MDCK as predictions based on experimental Khex/w from 
HDM-PAMPA (n = 10, RMSE = 0.79). The degree of agreement between 
experimental and predicted P0,Caco-2/MDCK decreases only slightly when 
Abraham Absolv instead of UFZ-preselected descriptors are used to 
predict Khex/w (n = 14, RMSE = 0.99). This was unexpected, as Fig. 2A 
shows that Khex/w predicted from Abraham Absolv descriptors can 
significantly deviate from those derived from HDM-PAMPA experi
ments. The fact that both resulting P0,Caco-2/MDCK align reasonably well 
with experimental P0,Caco-2/MDCK, despite large differences in Khex/w, can 
be attributed to the experimental P0,Caco-2/MDCK falling between the 
predicted P0,Caco-2/MDCK. As expected, using calculated descriptors to 
predict Khex/w resulted in poor agreement between predicted and 
experimental P0,Caco-2/MDCK (n = 5, RMSE = 2.48).

As expected from Fig. 2B, good agreement between experimental P0, 

Caco-2/MDCK and predicted P0,Caco-2/MDCK, based on COSMOtherm-derived 
Khex/w, was observed (n = 29, RMSE = 1.20). However, two outliers 
were identified where experimental and predicted P0,Caco-2/MDCK differ 
by more than two orders of magnitude. As explained in Section 3.2.2, the 
Khex/w predicted by COSMOtherm for sulfadiazine is likely incorrect, 
due to the presence of tautomers with significantly differing Khex/w. Both 
HDM-PAMPA and the UFZ-LSER database provide a Khex/w that leads to 
a better prediction of P0,Caco-2/MDCK. The Khex/w predicted by COSMO
therm for etoposide might also be incorrect, though the uncertainty here 
is not due to tautomers but possibly to the size of the molecule. With a 
molecular weight of 588.56 g/mol, etoposide is the largest molecule in 
the dataset and uncertainty in calculated Khex/w increases with the size 
of the molecule (Ulrich et al., 2021). Predictions for compounds with a 
molecular weight above 500 g/mol are thus less reliable. Nevertheless, 
in contrast to sulfadiazine, the COSMOtherm-derived log Khex/w of 
− 3.56 still aligns reasonably well with the HDM-PAMPA-derived log 
Khex/w of − 4.35, which might indicate that for etoposide, the experi
mental P0,Caco-2/MDCK might also be inaccurate.

The comparison between predicted and experimental P0,Caco-2/MDCK 
clearly shows that the most accurate predictions are obtained when 
using experimental Khex/w from HDM-PAMPA (RMSE = 0.80). The use of 
predicted Khex/w as an alternative to experimental Khex/w is possible but 
associated with greater uncertainty, as reflected in a higher RMSE. 
Although the RMSE value for predictions based on COSMOtherm (RMSE 
= 1.20) is only slightly lower than that for predictions based on best 

Fig. 3. Comparison of experimental log P0,Caco-2/MDCK with log P0,Caco-2/MDCK predicted according to Eqs. (1) and (2) using A) log Khex/w derived from HDM-PAMPA 
assays, B) log Khex/w predicted by the UFZ-LSER database and C) log Khex/w predicted by COSMOtherm. The gray solid line represents the line of identity, deviations 
of ±1 log unit are shown as gray dotted lines.
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available LSER descriptors (RMSE = 1.32), it clearly outperforms pre
dictions based solely on calculated UFZ-LSER descriptors (RMSE = 1.63, 
see Fig. S1–3). This is notable given that the LSER model is trained on 24 
of the 29 compounds - making this comparison inherently biased in 
favor of the LSER approach. Although the UFZ-LSER database is 
generally less accurate than COSMOtherm for the Khex/w predictions, 
comparing the two methods can still provide valuable context. When 
both approaches yield similar results, confidence in the predicted value 
is increased. If the predictions diverge, COSMOtherm is still considered 
more reliable, but caution is warranted when interpreting the value. 
Notably, the two strong outliers - sulfadiazine and etoposide - with de
viations exceeding 2 log units between experimental and predicted P0, 

Caco-2/MDCK values, also differed by >2.5 log units between the two 
computational methods.

4. Conclusion

HDM-PAMPA is a robust and reliable tool for experimentally deter
mining log Khex/w. This is evident from the strong agreement between 
log Khex/w obtained from HDM-PAMPA in this work and those obtained 
from conventional two-phase systems, BLM permeability assays and 
other HDM-PAMPA studies in the literature. However, for high quality 
results it is crucial to ensure that potential errors caused by sorption to 
plastic, evaporation, the formation of air bubbles between buffer and 
hexadecane layer or ABL limitations are carefully avoided during the 
experiment.

The log Khex/w from HDM-PAMPA can be successfully used to predict 
P0,Caco-2/MDCK according to Eq. (1). As an alternative to experimental 
determination in HDM-PAMPA, log Khex/w can be accurately predicted 
using COSMOtherm, although prediction uncertainties tend to increase 
with molecular size, particularly for compounds exceeding 500 g/mol. 
The prediction of log Khex/w by the UFZ-LSER database, however, is only 
reliable when UFZ-preselected descriptors are available.
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