Pharm Res (2020) 37:93
https://doi.org/10.1007/s 1 1095-020-02807-x

()

Check for
updates

RESEARCH PAPER

Drug Permeability Profiling Using the Novel Permeapad®

96-Well Plate

Ann-Christin Jacobsen ' « Sune Nielsen' « Martin Brand!' « Annette Bauer-Brand!'

Received: 24 December 2019 / Accepted: 23 March 2020

© Springer Science+Business Media, LLC, part of Springer Nature 2020

ABSTRACT

Purpose Here, first experiences with a prototype tool for high
throughput (passive) permeability profiling, a 96-well plate
comprising the Permeapad® membrane, are reported. The
permeabilities of a set of drugs were determined and com-
pared to published measures of oral absorption, such as hu-
man fraction absorbed (F,) and in vitro permeability values
obtained using other tools.

Methods The tool consists of a 96-well bottom and screen
plate with the artificial, phospholipid-based barrier
(Permeapad®) mounted between the plates’ lower and upper
compartments. The permeability of 14 model compounds in-
cluding high- and low-absorption drugs, cationic, anionic,
zwitterionic and neutral molecules, was determined by quan-
tifying the compounds’ transport over time, deriving the
steady-state flux from the linear part of the cumulative curves
and calculating the apparent permeability (P,,,). The mem-
brane structure was investigated in a high-resolution digital
light microscope.

Results The Permeapad® 96-well plate was found suited to
distinguish high and low absorption drugs and yielded a hy-

perbolic correlation to F,. The P, values obtained were

congruent with those determined r;]\JIith in-house prepared
Permeapad® in the Franz cell set-up. Furthermore, good to
excellent correlations were seen with Caco-2 permeability
(R =0.70) and PAMPA permeability (R* =0.89).

Microscopic investigation of the Permeapad® barrier
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revealed the formation of phospholipid vesicles and myelin
figures in aqueous environment.

Conclusion The Permeapad® 96-well plate permeation set-
up 1is a promising new tool for rapid and reproducible passive
permeability profiling.

KEY WORDS 96-well plate - artificial barrier - high

throughput - intestinal absorption - microplate - permeability

ABBREVIATIONS

F. Fraction absorbed in humans

HPLC High-performance liquid chromatography
PAMPA Parallel artificial membrane permeability assay
Papp Apparent permeability

PBS Phosphate buffered saline

PVDF Polyvinylidene fluoride

PVPA Phospholipid vesicle-based permeation assay

TFA Trifluoroacetic acid

TPSA Total polar surface area

UHPLC-  Ultra-high-performance liquid chromatography
wv with ultraviolet detection

UwL Unstirred water layer

INTRODUCTION

Permeability is a key characteristic of drug molecules deter-
mining their fate after oral administration towards uptake and
bioavailability. Experimentally, the permeability properties of
drug molecules are determined using a wide variety of meth-
ods that range from complex  situ intestinal perfusion set-ups
(e.g. closed-loop Doluisio model) to less complex  vitro cell-
based permeation set-ups (e.g. Caco-2 cell-line) and to simple,
artificial, cell-free permeation set-ups (e.g. parallel artificial
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membrane permeability assay; PAMPA). In contrast to tissue
and cell-based permeation models, cell-free permeation mod-
els can only predict passive drug transport. Still, it can be
advantageous to use these non-cellular permeation models
due to their cost and time efficiency. Especially, in drug dis-
covery and early development phases, where a large number
of drug candidates require permeability characterization, cost
and time efficiency is crucial. Besides the practical aspects of
cell-free permeation tools, non-saturable passive transport is in
the majority of cases regarded as the primary permeation
route while active transport primarily plays a role for low
permeability drugs and mainly at biological barriers other
than the intestinal barrier (1). Recently, the use of cell-free
permeation models for drug permeability profiling has been
reviewed (2).

The most prominent cell-free permeation tool is the
PAMPA model that was first described in 1998 by
Kansy and co-workers (3) and since numerous modifica-
tions have been suggested (4,5). Common for all
PAMPA barriers is that they are constructed of a filter
(e.g. polyvinylidene fluoride; PVDF), soaked with phos-
pholipids (e.g. egg phosphatidylcholine) dissolved in an
organic solvent (e.g. n-dodecane) (2). Another approach
1s the phospholipid vesicle-based permeation assay
(PVPA) that was first described in 2006 by Flaten and
co-workers (6). The PVPA barrier is also constructed of
a filter (mixed cellulose-ester) but the PVPA does not
contain an organic solvent. Instead in this model, lip-
osomes prepared by film-hydration and filter extrusion
are deposited on the filter support by centrifugation. In
2015 di Cagno and co-workers introduced the
Permeapad® model (7). This biomimetic, cell-free per-
meation barrier is the focus of this study. In contrast to
the PAMPA and the PVPA barrier, the Permeapad®
barrier is not based on a filter support. Instead, it is
constructed as a sandwich of two cellulose-hydrate
membranes enclosing a layer of dry phospholipids be-
tween them. Other than the PAMPA and the PVPA
barrier, the Permeapad® barrier has a good storage
stability. After preparation, it can be stored at room
temperature in dry and light protected conditions at
least for one year (7).

In its dry form, Permeapad® appears as a translucent
membrane. However, in contact with aqueous media, the
dry phospholipids enclosed between the support-sheets
swell and give the barrier a milky appearance.
Microscopic structures arising from phospholipids in con-
tact with aqueous media are well described in literature
(8). However, the microscopic structure of the
Permeapad® barrier after swelling has not been studied.
Regarding its functionality, the Permeapad® barrier was
found to be promising for permeation testing of small
molecules (7,9). Due to its high robustness against
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extreme pH values and aggressive additives (7,10), the
Permeapad® model has also been employed in early for-
mulation development. In more detail, the influence of
polymer-based (11), (phospho)lipid-based (12-15) and
surfactant-based drug formulations (16,17) on drug per-
meation has been investigated.

In previous studies, the Permeapad® barrier was pre-
pared manually in-house and mounted in Franz or side-
by-side diffusion cells to conduct permeation experi-
ments. However, in drug discovery as well as early drug
development, such set-ups appear inappropriate due to
their limited throughput. Here, a new Permeapad® for-
mat, the Permeapad® Plate, is being tested for the first
time. The Permeapad® Plate is a 96-well microtiter
plate system that consists of a bottom plate and a screen
plate to which the Permeapad® barrier is mounted in a
way that it separates the plates’ lower and upper com-
partments. For this novel format, the Permeapad® bar-
rier was produced in industrial scale. Compared to the
Franz cell or side-by-side set-up, permeation experi-
ments in a 96-well format can significantly increase the
throughput. Thereby, the Permeapad® model may be-
come more useful for early permeability profiling and/
or early formulation development.

The aim of this study was to evaluate a 96-well permeation
system comprising the Permeapad® membrane for perme-
ability profiling. To this end, a suitable methodology for per-
meation experiments was established by comparing the out-
come of permeation experiments using different orientations
of donor and acceptor in stirred or unstirred conditions. The
permeability of selected model compounds including high and
low absorption drugs was determined using the Permeapad®
96-well plate by following the compounds’ transport across
the barrier over time. For a detailed evaluation, the obtained
permeabilities were then compared to published data on the
fraction absorbed in humans and permeabilities determined
using alternative methods (from literature). The alternative
methods were: 1) the in-house prepared Permeapad® in
Franz cells, 2) the Caco-2 model and 3) the PAMPA model.
The Permeapad® 96-well plate and the in-house prepared
Permeapad® were compared to investigate if these models
yield comparable results despite the different preparation
methods and shape/dimensions of the permeation device.
Even though only passive drug transport can be illustrated,
the Permeapad® 96-well plate was compared to the Caco-2
model because the Caco-2 model is currently considered as
the ‘gold-standard’ for permeability profiling. Finally, the
Permeapad® 96-well plate was compared to the PAMPA
model because this model is the most commonly used method
for passive permeability profiling today. An additional aim of
this study was to investigate the microscopic structure of the
Permeapad® barrier by light microscopy to gain a better in-
sight into the functionality of the membrane.
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MATERIALS AND METHODS
Chemicals

Fourteen structurally diverse compounds were selected for
permeability profiling. Figure 1 shows the molecular struc-
tures and Table I gives calculated physicochemical properties
of the compounds to illustrate the diversity of properties.
Acyclovir, antipyrine, calcein, caffeine, carbamazepine, ena-
lapril maleate, lucifer yellow, metoprolol tartrate, nadolol,
naproxen, norfloxacin, sulpiride and terbutaline hemisulfate
were purchased from Sigma-Aldrich® Denmark ApS
(Brondby, Denmark) and micronized hydrocortisone was pur-
chased from Caesar & Lorentz GmbH (Hilden, Germany).

For the preparation of 29 mM phosphate buffered saline
(PBS), sodium chloride was purchased from VWR™
International A/S (Seborg, Denmark), sodium dihydrogen
phosphate monohydrate was purchased from Sigma-
Aldrich® Denmark ApS (Breondby, Denmark) and sodium
hydroxide was purchased from Merck A/S (Hellerup,
Denmark). All salts used for buffer preparation were of ana-
lytical grade.

Methanol (HPLC-grade) and trifluoroacetic acid (TTFA;
HPLC-grade) that were used for quantitative analysis were
purchased from VWR™ International A/S (Seborg,
Denmark).

Highly purified water was prepared using Milli-Q® refer-
ence A+ water purification system (Merck KGaA, Darmstadt,
Germany) and was the only water quality used for permeabil-
ity profiling and quantitative analysis.

Microscopic Evaluation of the Morphology of the Lipid
Layer upon Swelling

Permeapad® barrier was provided by InnoMe GmbH
(Espelkamp, Germany). A 1 cm” piece of membrane was
placed on a microscope slide and wetted with water. After
10 min of incubation, the wetted barrier was covered with a
cover glass. Microscopic images of the membrane structure
were taken with a KEYENCE VHX-2000 digital light micro-
scope connected to a VH-Z500R high-resolution zoom lens
with a magnification of 500x to 5000x over a period of 1 h.
The size of vesicular structures was estimated using Image]
software.

Permeability Profiling

Preparation of Model Compound Solutions

1 mM solutions of the model compounds were prepared in
PBS pH 6.5 £0.05 (255 £ 5 mOsm/kg). To aid the dissolu-

tion process, the model compounds were sonicated for ap-
proximately 30 min and stirred overnight under light

protection when necessary. In case of the poorly soluble com-
pounds, carbamazepine and hydrocortisone, 0.1 mM solu-
tions were prepared. In case of the highly soluble marker
calcein, a 5 mM solution was prepared.

Permeapad® Plate Design

Prototypes of Permeapad® Plate were provided by InnoMe
GmbH (Espelkamp, Germany). The Permeapad® Plate is a
two-compartment 96-well microtiter plate consisting of a bot-
tom plate, a screen plate and a lid. In this device, the
Permeapad® barrier is mounted to the bottom of the screen
plate’s wells with adhesive. Figure 2 shows details of the design
of the Permeapad® Plate. The wells of the bottom plate have
an unconventional shape with a maximum capacity of 400 pL
(see Fig. 2a). In contrast, the wells of the screen plate have a
round shape with a tilted bottom and with a maximum ca-
pacity of 200 pL (see Fig. 2b and c). By tilting the bottom, air-
bubbles under the membrane are avoided and the permeation
area increased. Additionally, the screen plate 1s equipped with
a sampling port (located next to the opening of the upper well)
that enables sampling from the bottom wells without disas-
sembling the set-up. The available area for permeation is
0.15 cm?.

Permeability Profiling — Influence of Orientation and Stirring

Due to the peculiar design of the Permeapad® Plate, it was
investigated if using the bottom or screen plate as donor or
acceptor compartment influenced the result of the permeation
experiment. As examples, | mM antipyrine and 1 mM ena-
lapril were used as donor solutions. Table II gives an overview
of the tested orientations.

To conduct the permeation experiment, the donor solution
and the acceptor media (29 mM PBS pH 7.4, 255 £
5 mOsm/kg) were filled into the respective wells.
Additionally, 5 X 2 mm magnetic stir bars were added to the
bottom wells. After sealing the screen plate with pre-perforat-
ed, adhesive sealing foil (x-Pierce., Excel Scientific, Inc.) to
minimize evaporation, the set-up was incubated at room tem-
perature under stirring (500 rpm) using a 96-well plate mag-
netic stirrer (2mag AG, Munich, Germany). Samples (120 pL)
were taken every 30 min from the respective acceptor com-
partment for 4 h and replaced with fresh PBS. The samples
were analysed by UHPLC-UYV (see section 2.3.5) and the data
was treated as described in section 2.3.7.

Permeability Profiling of Model Compounds
For permeability profiling of all model compounds, the
bottom-to-top orientation was used. In brief, 400 pL. model

compound solution was transferred to the bottom wells along-
side a magnetic stir bar. The screen plate was placed on top
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Fig. I Molecular structures of the model compounds.

and 200 pLL PBS pH 7.4 was added. After sealing with adhe-
sive sealing foil, the plate was incubated at room temperature
under stirring (500 rpm) for 4 h. Every 30 min, 120 pL sample
was taken from the top wells and replaced with fresh PBS. All
samples were analysed by UHPLC-UV (see section 2.3.5) ex-
cept for samples containing calcein and lucifer yellow, which
were analysed using fluorescence spectroscopy (see section
2.3.6.). For all compounds, data was treated as described in
section 2.3.7.
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Quantification by UHPLC-UV

Ultra-high-performance liquid chromatography with ultravi-
olet detection (UHPLC-UV) was used for quantitative analysis
of permeation samples due to extractables from the adhesive,
which absorb UV-light in the range of 200-290 nm with an
absorbance maximum at 250 nm (see supplementary materi-
al). As most of the model compounds have an absorbance
maximum in this wavelength range and do not absorb
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Table | Calculated

Physicochemical Properties of the Compound Calculated properties®
Model Compounds
molar mass log P pKa(s) TPSA Predominant charge at ~ Solubility at pH 6.5
(g/mol) A% pH 6.5 (mg/mL)

Acyclovir 22521 —-1.03  3.02 15 0 9.10
11.98

Antipyrine 188.23 1.22 0.49 24 0 491

Caffeine 194.19 -007 —I1.16 58 0 70.9

Calcein 622.53 -4.09 151 232 - 623
7.45

Carbamazepine  236.27 2.77 1596 46 0 0.04

Enalapril 376.45 0.59 3.67 96 - 2.70
52

Hydrocortisone ~ 362.47 1.28 12.59 95 0 041

Lucifer Yellow 442.3 —444 -278 233 + >|5°
3.03

Metoprolol 267.37 1.76 9.67 51 + 538
14.09

Nadolol 30941 0.87 9.76 82 + 505
13.59

Naproxen 230.26 2.99 4.19 47 - 16.9

Norfloxacin 319.34 -0.97 558 73 + 2.94
8.77

Sulpiride 341.43 0.22 10.24 102 + 259
8.39

Terbutaline 225.29 0.44 8.86 73 + 3109
9.76

2 obtained from chemicalize.com developed by ChemAxon (Budapest, Hungary) © Lucifer Yellow solubility could not be

calculated, solubility was taken from (18)

(enough) UV-light above 290 nm, separation was required
prior to UV analysis. It is worth mentioning that the adhesive
used 1n routine production is different from the one used in the
prototypes tested here according to the manufacturer.
UHPLC-UV analysis was conducted on a Thermo Fisher
UltiMate 3000 UHPLC system that was connected to a diode
array detector and equipped with a reversed phase Kinetex®

EVO C18 LC-column (150 X 2.1 mm; particle size 1.7 pmy;
pore size 100 A, Phenomenex®). Table III shows an overview
of UHPLC conditions used for the analysis of the model
drugs. The mobile phase consisted of methanol and 0.1%
trifluoroacetic acid in purified water, the flow rate was
0.3 ml/min and the column oven was set to 50°C. Samples
containing hydrocortisone were analysed at a flow rate of

(c)

Fig. 2 Details of the design of the Permeapad® Plate. (a) View on the bottom plate from above, (b) View on the top well from above including the well itself
(large circle) and the sampling port (small circle), and (c) Side view of the combined wells including the top-well (dark blue), the bottom-well (light blue), the

Permeapad® barrier (orange) and an optional magnetic stir bar (white).

@ Springer
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Table Il Overview of Alternative

Orientations for Permeation Orientation Donor volume  Acceptor volume  Sampling
Experiments
Bottom-to-top 400 uL 200 uL 120 L from top wells
Top-to-bottom 200 uL 400 uL 120 uL from the bottom wells through the sampling port

0.37 ml/min and a column oven temperature of 60°C. The
injection volume was 5 pL. The samples were injected
undiluted.

Calibration curves were prepared by dilution from stock
solutions of the respective compound in PBS pH 7.4. The
stock solutions that had a concentration well below the aque-
ous solubility of the compound were prepared like the donor
solutions (see section 2.3.1). The range of the calibration
curves is given in Table III.

Quantification of Markers by Fluorescence Spectroscopy

Samples containing calcein or lucifer yellow were analysed
using a BMG FLUOstar® Omega microplate reader. For
both compounds, the excitation and emission wavelengths
were 485—12 and 520 nm, respectively. For calcein and lucifer
yellow quantification, standards with concentrations of 0.1—
4 ng/mkL and 0.2—20 pg/mL, respectively, were prepared.

Data Analysis

To determine the apparent permeability (P,,p,) of the model
compounds, the cumulative amount of compound permeated
across the Permeapad® barrier (dQ) was normalized by the
surface area (4; 0.15 ecm?) and plotted against time (d/). The
linear part of this graph represents the compounds’ flux (7):

aQ

A-dt

Steady state was typically reached after 30 min. To calcu-
late P, the flux was normalized by the concentration of the
model compound solution (Cp):

P, =
app Co

The permeation experiments were carried out with 3-6

replicates. The P, of a model compound is expressed as

the mean £ SD of the individual replicates’ Py,

RESULTS AND DISCUSSION

Microscopic Evaluation of the Morphology of the Lipid
Layer upon Swelling

Figure 3 shows microscopic images of the wetted
Permeapad® barrier at different magnifications. Here,
myelin-like structures and vesicles typical for phospholipids
were recognized. These structures had multiple lamellae.
The multiple lamellae are best seen at the highest magnifica-
tion (Fig. 3c). Using Image] software, the mean vesicular size
was estimated to be 27.7 £ 9.5 um. For the image-based size
analysis Fig. 3a was used. Here, 44 vesicles were recognized
and used for size-estimation.

The structures seen on Fig. 3 were not static during the
microscopic evaluation. The movement of vesicles and bilayer
structures 1s, however, expected as the artificial membrane
does not contain any constituents that may anchor vesicles to

Table Il Conditions for UHPLC-

UV Analyses Compound 0.1% TFAIn Methanol ~ Detection wave-  Retention Concentration range of
water (%) (%) length (nm) time (min) calibration (ug/mL)
Acyclovir 95 5 253 [.55 0.2-17
Antipyrine 60 40 242 [.63 0.3-20
Caffeine 55 45 274 [.41 0.2-150
Carbamazepine 45 55 300 1.98 0.1-23
Enalapril 65 35 206 3.45 0.3-60
Hydrocortisone 65 35 248 4.4 0.1-110
Metoprolol 55 45 274 3.1 0.5-50
Nadolol 70 30 202 1.98 0.2-20
Naproxen 50 50 232 3.95 0.3-26
Norfloxacin 65 35 286 [.54 0.1-20
Sulpiride 85 15 212 1.77 0.1-40
Terbutaline 85 I5 206 l.6l 0.2-30
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Fig. 3 Microscopic images of the wetted Permeapad® barrier at different magnifications: () x 500, (b) %2000 and (c) *5000.

each other or the support sheet. In wetted conditions, the
Permeapad® barrier can thus be considered as a vesicular
phospholipid gel (19,20) that is constrained within two
cellulose-based support sheets. Of course, the flexibility of
the Permeapad® microstructure contrasts the relative rigidity
of the Caco-2 cell monolayer, where cells are connected by
tight junctions.

The microscopic images of the Permeapad® barrier that
are presented here are especially interesting because it previ-
ously has been difficult to describe the microscopic structure of
other cell-free, artificial permeation barriers. For example, the
microscopic structure of the PAMPA model is still unclear.
Due to the presence of organic solvent, the PAMPA mem-
brane possibly has a non-bilayer structure (21). In contrast to
the PAMPA model, the microscopic structure of the PVPA
model has been described in literature in more detail (22). In
the PVPA model, liposomes are deposited on a filter support
to form the permeation barrier. There may be similarities
between the microscopic structure of the PVPA model and
Permeapad® because both models mainly consist of phospho-
lipids. However, the phospholipid vesicles in the PVPA model
are more uniform in size because they are prepared according
to a protocol beforechand whereas the vesicles in the
Permeapad® model form spontaneously upon wetting be-
tween the cellulose-sheets. Furthermore, the phospholipid
vesicles in the PVPA model are likely more static compared
to the Permeapad® model because they are deposited in the
porous filter support by centrifugation.

Permeability Profiling

Cell-free, artificial permeation methods are commonly con-
sidered as cost and time effective alternatives to tissue and cell-
based i vitro permeation methods. In literature, various cell-
free permeation barriers have been described as for example
PAMPA, PVPA and Permeapad® (2). In this study, a novel
96-well plate for permeability profiling was evaluated. This
study’s main aims were to 1) establish a suitable methodology
for permeation profiling, 2) compare permeation results
obtained with the Permeapad® 96-well plate with those
obtained with in-house prepared Permeapad® (in Franz cell

format) and 3) characterize the ability of the Permeapad® 96-
well plate to predict permeation properties. The Permeapad®
96-well plate was compared to the in-house prepared
Permeapad® primarily to investigate if the results are compa-
rable even though the plate contains an industrial version of
the barrier and has a very different shape and dimensions than
a Franz cell. Finally, the novel model’s ability to predict per-
meation properties was characterized by comparing the ap-
parent permeability coefficients (P,,,) of 14 model compounds
to literature values of the fraction absorbed in humans (F,),
Caco-2 P,,, values and PAMPA P,

values.

app pp

Steady State Transport and Choice of Sampling Time

Two typical permeation curves, i.e. the cumulative amount of
antipyrine and terbutaline permeated per area over time, are
shown in Fig. 4. After an initial lag-time of typically 30 min, a
clear linear relationship between the cumulative amount of
compound permeated and time was observed when using
the Permeapad® 96-well plate (i.e. steady state conditions).
From this lincar part of the graph, the P, value of the model
compounds was derived. For all tested compounds steady-
state conditions were achieved after 30 min and maintained
during the whole experiment (data not shown). In essence this
means that to further increase throughput, P, could reliably
be derived from only two measurements after the short lag-
time (approximately 30 min). On the other hand, multiple
time points may be useful to ensure that steady-state condi-
tions still apply. For high permeability compounds, the top-to
bottom orientation (i.e. where the acceptor volume is larger
than the donor volume) may thus be preferable (different ori-
entations are discussed in the next section). This 1s worth men-
tioning because many & vifro permeation assays rely on one
time-point only, not taking into account possible lag-times.

Influence of Orientation and Stirring
To identify a useful methodology for permeability profiling
using the Permeapad® 96-well plate, different orientations

in stirred and unstirred conditions were tested using the highly
permeable compound antipyrine and the moderately

@ Springer
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Fig. 4 Examples of typical
permeation curves. The cumulative
amount antipyrine (green squares)
and terbutaline (orange circles)
permeated across the Permeapad®
barrier per area over time.
Permeation curves are shown as
the mean = SD, n = 6.

permeable compound enalapril as examples. The results are
summarized in Fig. 5. In more detail, Fig. 5 shows the P, of
antipyrine and enalapril when using either the bottom or the
top plate as donor compartment (i.e. bottom-to-top or top-to-
bottom orientation) with and without stirring. Stirring was
always conducted in the bottom plate. Hence, in the
bottom-to-top orientation the donor was stirred and in the
top-to-bottom orientation the acceptor was stirred.

When introducing a new method, it is useful to investigate
how different choices in the experimental set-up can affect the
experiment’s results. In the case of the Permeapad® 96-well
plate, the peculiar shape of the bottom plate (Fig. 1a) may
influence the hydrodynamics and thereby the thickness of
the adherent unstirred water layer (UWL). The UWL has
been recognized as a considerable permeation barrier for
lipophilic/highly permeable drug compounds (23). Hence,
even though Permeapad® is a symmetrical membrane, differ-
ences in the thickness of the UWL in either orientation may
influence the permeation results. The thickness of the adher-
ent UWL can be reduced by agitation/stirring (23,24).
Therefore, these experiments were conducted under stirred
or unstirred conditions.

Fig. 5 The apparent permeability
(Pspp) of antipyrine (n = 4) and
enalapril (n = 3) when using
different orientations of the
Permeapad® 96-well plate for
permeation experiments with and
without stirring. Dark grey and light
grey columns indicate bottom-to-
top and top-to-bottom orientations,
respectively. Open and striped col-
umns indicate stirred and unstirred
conditions, respectively.

@ Springer
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In agreement with previous findings that showed that the
permeability of less permeable compounds is not affected by
the thickness of the UWL (23), neither the orientation nor the
stirring conditions significantly affected the Py, of the mod-
erately permeable compound enalapril in the Permeapad®
96-well plate (in all cases p > 0.05). Still, a small decrease in

enalapril P, ., was seen in unstirred conditions. Also, in agree-

a

ment with plff)svious findings, the P,,;, of the highly permeable
compound antipyrine was significantly decreased when using
the bottom-to-top orientation under unstirred conditions (p <
0.05). In contrast, when using the top-to-bottom orientation
antipyrine’s P, was decreased but the difference between
stirred or unstirred conditions was not significant (p > 0.05).
These results indicate that especially when using the bottom-
to-top orientation, it is important to include stirring/agitation.
Otherwise, the permeability of lipophilic/highly permeable
compounds can be underestimated. Possibly, the unconven-
tional shape of the bottom-plate is the reason for why the
effect of stirring on antipyrine’s P, is more pronounced in
the bottom-to-top orientation. The unconventional shape
may lead to a thicker UWL as compared to the conventional

307 B bottom-to-top O3 stirred
= top-to-bottom unstirred
25-

_I_

)
T

-
o
1

Permeapad Py, (-10°® cm/s)
s
1

Hlss

enalapril

0- T
antipyrine
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round shape of the top plate. Another reason may be differ-
ences in UWL when stirring donor and acceptor, respectively.
With the current set-up stirring in both compartments is not
possible. For further permeation experiments the bottom-to-
top orientation was used due to ease of sampling.

Permeability Profiling of Model Compounds

The P,

the Permeapad® 96-well plate are shown in Table IV. For

values of the 14 model compounds determined using

comparison, Table IV also gives literature values for the frac-
tion absorbed in humans and P,y,, values from the in-house
prepared Permeapad®, the PAMPA model and the Caco-2
model. Generally, the permeation experiments using the
Permeapad® 96-well plate were highly reproducible with typ-
ical standard deviations (SD) of 5-10%. In more detail, in 9
out of 14 experiments the SD was between 5 and 10%. The
SD of the remaining 5 experiments was between 10 and 20%.

The in-house prepared Permeapad® barrier was originally
described by di Cagno ¢t al. in 2015 (7). In their study, the
Permeapad® barrier was mounted in a Franz cell and the
permeation experiments were carried out using PBS pH 7.4
in both donor and acceptor compartment. The two
Permeapad® models differ thus not only with regard to the
membrane preparation method but also with regard to the
liquid volumes, shape of the permeation device and the pH

conditions. Despite these differences, the P,,, values from the

app
Permeapad® 96-well plate generally were in acceptable

agreement with P, values from the in-house prepared

Permeapad®. As Carr)lpbe seen in Table IV, among the com-
pounds tested in both Permeapad® models, caffeine had the
highest P, value in both Permeapad® models. The P,
value of caffeine was 29.3 +2.51 x 107° cm/s in this study
and 20.4+3.2 X 107° em/s in the previous study. In both
models, hydrocortisone, a neutral compound, had the second
highest P, value. Here, the P, value was the same in the
two models with 12.3+0.52 and 12.7 £ 1.5x 107° cm/s.
Also, in both models, calcein, a zero-permeability marker,
had the lowest Py, value. The P, value of calcein was
0.43+0.04 X 107° em/s in this study and 1.2 £ 0.1 x
107 em/s in the previous study. The second lowest Py
was in both cases measured for nadolol.

In summary, the P,,,, ranking of compounds was similar in
the two Permeapad® models except for metoprolol, and acy-
clovir. This is likely primarily due to the different pH of the
donor solutions (i.e. 6.5 in this study and 7.4 in the previous
study). In this study, the P,, of metoprolol, a weakly basic
compound, was only approximately half of the P,, value
measured in the previous study (5.98 £ 0.52 »s 10.0 £ 0.3 X
107° em/s). According to the theory of dissociation, for weakly
basic compounds a higher proportion of molecules is in their
unionized form at pH 7.4 as compared to pH 6.5. The union-

ized proportion of a compound contributes to permeation to a

higher degree. To confirm that the observed difference in

metoprolol’s P,,, was due to the different pH, metoprolol’s

P,pp was also dzrt)ermined at pH 7.4 using the Permeapad®
96-well plate. Figure 6 compares metoprolol’s P, values at
pH 6.5 and 7.4 and confirms that metoprolol’s P,
creased when using donor solutions at higher pH. At the same
donor pH value of 7.4, metoprolol’s P, determined in this
study (12.4 +0.37 X 10~° cm/s) was comparable to the P.p

value previously determined (10.0 0.3 x 107 em/s). It is

1s in-

worth mentioning, however, that the increase in permeability
with higher pH does not live up to theoretical expectations.
According to the pH-partition theory the P, values at
pH 7.4 should be approximately 7.9 times higher than those
at pH 6.5. The pH-dependence of metoprolol P,
fits fairly well with that of intestinal loop segmental permeabil-
ity differences reported by Dahan’ s group (25). The interested
reader is also referred to a previous study, where the pH-effect
on Permeapad® permeability is discussed in detail and com-

however,

pared to alternative permeation screens (26). Another reason
for the relatively low permeation of metoprolol may be the
phospholipid composition of the Permeapad® barrier, which
mainly consists of the neutral (zwitterionic) phosphatidylcho-
line (Lipoid S100). Polli’ s group identified ion-pairing of
metoprolol with negatively charged phospholipids as trans-
port mechanism over PAMPA barriers (27). The presence of
negatively charged phospholipids (phosphatidylserine) in the
PAMPA barrier induced higher P,
compared to the zwitterionic phosphatidylcholine. To clarify

values of metoprolol as

whether an ion-pairing mechanism is involved in the transport
of metoprolol across Permeapad®, further studies that include
negatively charged phospholipids are needed. At the same
time, this may help to explain, why metoprolol, which gener-
ally 1s regarded a borderline permeability marker, showed a
lower permeability than acyclovir, norfloxacin and
terbutaline.

The current study included compounds that have not been
investigated in the Permeapad® model previously, namely
antipyrine, carbamazepine, enalapril, lucifer yellow, nap-
roxen, norfloxacin, sulpiride and terbutaline. These com-
pounds were selected, because they are commonly used for
validation of permeation models. In combination with the
previously investigated compounds, the current set of model
compounds not only reflects a wide range of physicochemical
properties (Table I) but also different degrees of absorption
(i.e. expressed as the fraction absorbed in humans; F,;
Table IV).

When plotting literature values of the F, against the
Permeapad® P, values, a hyperbolic correlation is obtained
(Fig. 7a). Similar hyperbolic correlations between F, and P,
have been described for the PAMPA model (3,28), the PVPA
model (6) and the Caco-2 model (29). For easy and visual
comparison, Fig. 7b illustrates the correlation between T,
and literature Caco-2 P,,, values (30-37) of the 12 model

app
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Table IV The fraction absorbed in humans (F,)*, Permeapad® apparent permeability (P,p) measured in the Permeapad® 96-well plate, Permeapad® P,
measured with the in-house prepared barrier, literature Caco-2 P, values and literature PAMPA P, values

Compound  Compound F.  Permeapad® In-house prepared Permeapad® Caco-2 PAMPA P, (107 cm/ Reference for
no (%) Papp =SD P.op = SD (107% em/s)* Pap = SD sfatpH 5.5& 7.4 Caco-2 Py
(107% amfs)P (107% am/s)
Acyclovir 21 644 £ 126 79+13 0.25 = 0.03 0.0&00 Yazdanian et al.

(30)

2 Antipyrine 100 18.6 = 1.10 - 3300 = 1.2 20.1 & 13.2 Yamashitaet al.
G3hH

3 Caffeine 100 293 = 2.51* 204 +32 308 =I5 20.6 & 10.8 Yazdanian et al.
(30)

- Calcein - 043 £ 0.04 [2=0.1 033 = 0.21 - Ghartey-Tagoe
etal. (32)

4 Carbamazepine 100 18.6 = [.20 - [3.16 £ 3 120& 11.3 Kogan et dl.
(33)

5 Enalapril 60 413 £0.21* - 3.12 = 0.1 34 &0.1 Morrison et al.
G4

6 Hydrocortisone 91 12.3 = 0.52 127 =15 14 =26 3.1 &34 Yazdanian et al.
30)

- Lucifer Yellow 0 298 = 0.55 - 0.18 = 0.035 0.0&0.0 Antonescu
etal. (35)

7 Metoprolol 95 598 = 0.52 100+0.3 237 = 1.3 12&35 Yazdanian et al.
(30)

8 Nadolol 32 251 £ 040* 60=06 3.88 = 0.48 0.0&0.0 Yazdanian et al.
(30)

9 Naproxen 98  29.1 = 3.37 - 39503 229&10.6 Pade and
Stavchansky
(36)

10 Norfloxacin 35 657 £045 - 0.17 = 0.03 0.5&0.9 Takenaka et dl.
(37

Il Sulpiride 36 540 =094 - 0.17 = 0.02 02&0.1 Takenaka et dl.
(37

12 Terbutaline 68 639 = 04| - 0.47 = 0.08 0.0&0.1 Yazdanian et dl.
(30)

#Values for the fraction absorbed in humans and PAMPA P, were taken from Zhu et al. (28). SDs for PAMPA P, values were not reported by Zhu et dl.

app

(28).° Permeapad® Papp determined using the 96-well format is expressed as the mean of 6 replicates, unless marked with * then the P,y is expressed as the
mean of 3—4 replicates. “In-house prepared Permeapad® P, values determined at pH 7.4 were taken from Di Cagno et dl. (7)

drugs used in this study. Here, the number of publications was
kept to a minimum to avoid interlaboratory variations that
often are experienced in the Caco-2 model. The hyperbolic
correlation includes a steep slope region and a plateau region.
Drugs in the steep slope region are considered poorly to mod-
erately absorbed whereas drugs in the plateau region are con-
sidered well absorbed.

In the Caco-2 model (Fig. 7b), the plateau region contains
drugs with P, values larger than 10 X 10°° cm/s (i.e. ant-
pyrine, caffeine, carbamazepine, hydrocortisone, metoprolol
and naproxen). Generally, Caco-2 P, values larger than
10 x 107° em/s are considered to indicate high absorption
(38). Similar to the Caco-2 model, 5 out of 6 high absorption
drugs had P, values larger than 10 X 107% cm/s in the
Permeapad® 96-well plate (Fig. 7a). However, metoprolol,
which despite its irregular behaviour (formation of ion-pairs

@ Springer

(27)) typically is used to indicate the class boundary between
low and high absorption (39), can be found in the steep slope
region with a P, of 5.98 £0.52 X 107% em/s. As discussed
above, metoprolol’s P, was highly dependent on the pH of
the donor solution (Fig. 6). When the pH of the donor solution
was increased, metoprolol’s P, was larger than 10 X
10° em/s. This indicates that the Permeapad® 96-well plate
seems to be rather sensitive towards changes in pH. The pH in
the gastrointestinal tract is variable not only in different
regions but also among individuals (40). To take the physio-
logical and individual differences in pH and the sensitivity of
the Permeapad® model towards pH into account, the P, of
compounds with pKa values in the physiological range of the
gastrointestinal tract should be tested at several pH values.
Thereby, a better picture of the drug’s absorption probability
can be obtained.
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14 . .
from low absorption compounds (F, <55%) in the
T 124 Permeapad® model. For example, enalapril (F, = 60%) had
§ a lower P, value than acyclovir (F, =21%) or norfloxacin
‘?2 104 (F, = 35%). Also in the Caco-2 model, it 1s difficult to distin-
= guish moderate and low absorption drugs. For example, ter-
%-% g butaline (I, = 68%) had a lower P,,, than nadolol (F, = 32%).
§ This ‘blind spot” phenomenon has previously been recognized
g ;- in literature (41). One likely explanation for the ‘blind spot’
8 phenomenon is the challenge to reflect physiological and
:g 4- inter-individual differences in u vitro assays.
s The Permeapad® model and the Caco-2 model have a
g 24 similar hyperbolic correlation to F, as illustrated in Fig. 7.
Taking this a step further, Fig. 8 attempts a direct correla-
0- tion of the two models. Previously, a reasonable linear cor-

pH 6.5

pH7.4

Fig. 6 The apparent permeability (Papp) of metoprolol at different pH of the
donor solution. The acceptor medium was always PBS pH 7.4. Data is shown
as the mean = SD of 6 replicates.

The steep slope region contains drugs with P, values of

approximately 0.2 to 4 X 10~° cm/s in the Caco-Qpl:nodcl (ie.
acyclovir, enalapril, nadolol, norfloxacin, sulpiride and terbu-
taline). In the Permeapad® 96-well plate, the Py, values of
these drugs of the steep slope region are approximately 2.5 to
6.5 % 10° cm/s. Hence, the absolute P.pp values within this
region are slightly higher in the Permeapad® 96-well plate.
When comparing to absolute Caco-2 or also PAMPA perme-
abilities (PAMPA is discussed in more detail below), it could
appear that the Permeapad® may overestimate the perme-
ability of these compounds. However, these compounds still
have F, =21-68%. Hence it can be argued that the other
in vitro models may underestimate the permeabilities of these
compounds to a certain degree, e.g. terbutaline has a F, of
68% and in the PAMPA and Caco-2 model this compound
has virtually no permeation (See Table I).

Even though the permeabilities of the compounds in the
steep slope region generally are higher, it is still possible to
clearly distinguish high absorption compounds from low/
moderate absorption compounds when using the
Permeapad® 96 well-plate. In more detail, in the
Permeapad® model, P, values above 10 X 107° em/s indi-
cate high permeability (plateau region of Fig. 7a) and P,y
values below 10 X 107% em/s indicate low or moderate per-
meability (steep slope region of Fig. 7a). In many i vitro per-
meability assays the weak base metoprolol (I, =95%) is used
to indicate the border between high and low/moderate per-
meability compounds. Due to the pH depended permeability
and the possibility of ion-pair mediated transport as discussed
above, we recommend the neutral compound hydrocortisone
(F, =91%) to indicate the border between high and low/
moderate permeability compounds in the Permeapad® assay
instead. It has to be emphasized that moderate absorption
compounds (F, =55-80%) cannot clearly be distinguished

relation between the in-house prepared Permeapad® and
the Caco-2 model has been described (7). In this previous
study, the coefficient of determination (R?) was 0.75 with
exclusion of theophylline. Theophylline was excluded due
to the possibility of an active transport mechanism, which
cannot be mimicked by the Permeapad® model. The ex-
tended data set of the current study confirms a reasonable
correlation (R” = 0.70). It should be noted that the Caco-2
studies referenced here were carried out at pH 7.2-7.4
whereas this study was carried out at pH 6.5. The P, of
metoprolol was highly affected by pH. This is also reflected
in the direct correlation. When replacing metoprolol’s P,
at pH 6.5 with its P, at pH 7.4, a better linear correlation
(R* =0.81) was found.

Even though a reasonable correlation between the
Permeapad® model and the Caco-2 model was observed, a
distinct functional difference between the two models exists. In
contrast to the Caco-2 model, the Permeapad® model, like all
non-cellular models, is inherently unable to mimic active
transport mechanisms. Therefore, a set of 12 predominantly
passively absorbed compounds was selected for the current
study. To reveal the impact of alternative transport pathways,
obviously cell-based or tissue-based permeation models must
be employed where transport proteins are expressed, and tight
junctions formed.

The restriction to passive transport pathways is a feature
common to all non-cellular permeation models of which the
PAMPA model was firstly described (3) and is widely used. In
an attempt to compare the performance of the two artificial
permeation models, P, values obtained by using the
Permeapad® 96-well plate with gradient pH (i.e. pH 6.5 in
the donor and pH 7.4 in the acceptor) were plotted against
published P, values obtained by using a PAMPA model (see
Fig. 9). Here, published PAMPA P,,,, values from Zhu et al.
(28) were used where the pH was either 5.5 (Fig. 9a) or 7.4
(Fig. 9b). Figure 9a shows a good linear correlation between
the Permeapad® and the PAMPA model ata pH of 5.5 (R2 =
0.89). At a pH of 7.4, the correlation was reasonable (R* =
0.70) and comparable to the correlation with the Caco-2

@ Springer
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Fig. 7 The fraction absorbed in (a)
humans (F,) plotted against the 100- ot 3
apparent permeability (P,p) of the . 24 O
model compounds determined in 90 7 [P ’ 9
(@) the Permeapad® 96-well plate 6
or (b) the Caco-2 model. Caco-2 80
Papp Values were taken from litera-
ture (see Table IV for references). 704 ol
Red, orange and green circles indi- = 12
cate poorly absorbed (F, < 55%), E 60 -
moderately absorbed (F, = 55— W’ 5
80%) and well absorbed (F, > § 50
80%) compounds, respectively. 2 40-
Numbers indicate the model com-
pounds: |) acyclovir, 2) antipyrine, 304 @ 14
3) caffeine, 4) carbamazepine, 5) 8
enalapril, 6) hydrocortisone, 7) 20 e
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model (see Fig. 9b). This underlines the impact of pH on
permeation of compounds with pKa values in the physiolog-
ical range. It should be mentioned that the PAMPA values
from Zhu et al. (28) were reported without SD. Untypically,
Zhu and co-workers used a PAMPA model consisting of a
hydrophilic filter soaked in a 1% egg-lecithin solution in n-
dodecane (28). Hydrophobic filter material is more commonly
used (2). Even though no SDs are reported in this study and
hydrophilic filter material was used, the study by Zhu and co-
workers was selected for comparison because it contains all
compounds investigated here. Thereby, inter-study variations
due to differences in filter material and lipid composition were
avoided.

@ Springer

Caco-2 P,p, (-10°€ cmis)

The set-up employed by Zhu appears to underestimate
the permeability of hydrocortisone, while the permeability
of hydrocortisone indicated by Permeapad® fits well with
that of Caco-2 permeability. This could be due to the pres-
ence of organic solvent, believed to form the core of
PAMPA-barriers. Hydrocortisone’s permeability through
the organic solvent-based barrier may be different than
its permeability through the bilayers in the Permeapad®
barrier and the Caco-2 monolayer, which are closer to the
physiological scenario. Furthermore, the low, yet signifi-
cant permeability of Lucifer Yellow, which generally is
regarded as a paracellular marker, may indicate that
Permeapad®, in contrast to PAMPA, may to some extent
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Fig. 8 The apparent permeability 407 R2= 0.702
(Pspp) determined in the
Per!"neapad® 96-well plate plotted 354
against literature Caco-2 P, values
(see Table IV for references). Red, 3 °
orange and green circles indicate 30+ + {
poorly absorbed (F, < 55%), -
moderately absorbed (F, = 55— € 25
80%) and well absorbed (F, > o
80%) compounds, respectively. g
Numbers indicate the model com- & 20
pounds: 1) acyclovir, 2) antipyrine, -
3) caffeine, 4) carbamazepine, 5) §
enalapril, 6) hydrocortisone, 7) £ 1%
metoprolol, 8) nadolol, 9) nap- &
roxen, |0) norfloxacin, | 1) sulpiride 10-
and |2) terbutaline. 1,10,11,12
i
5+ 5
&
0-
(I) é 1I0 1I5 2I0 2I5 3I0 3I5 4I0

Caco-2 P,p, (10 cm/s)

allow permeation along water-channels across the barrier.
This observation is further supported by the relatively high
permeability of the marker calcein and those of drug com-

the paracellular pathway in vivo, like acyclovir, nadolol,
sulpiride and terbutaline. This hypothesis certainly needs
further experimental clarification by e.g. fluorescence mi-

pounds, which are believed to be transported (partially) via  croscopic studies.

(a) (b)

351 , 357 .,
R?=0.896 R?=0.702

304 30+

N N
o o
1 1

Permeapad P, (-10 cmis)
o
L
Permeapad P, (10 cm/s)

104

T T
0 5 10 15 20 25 30 35 0 5 10 1I5
PAMPA P, (-10°¢ cmls)

T
20 25 30 35
PAMPA P, (-10°¢ cmis)

Fig. 9 The apparent permeability (P,,p) determined in the Permeapad® 96-well plate using gradient pH (i.e. pH 6.5 in the donor and pH 7.4 in the acceptor)
plotted against literature PAMPA P, values from Zhu et al. (28) determined at (a) pH 5.5 and (b) pH 7.4. Red, orange and green cirdles indicate poorly absorbed
(F2 < 55%), moderately absorbed (F, = 55-80%) and well absorbed (F, > 80%) compounds, respectively. Numbers indicate the model compounds: 1)
acyclovir, 2) antipyrine, 3) caffeine, 4) carbamazepine, 5) enalapril, 6) hydrocortisone, 7) metoprolol, 8) nadolol, 9) naproxen, 10) norfloxacin, | 1) sulpiride and
|2) terbutaline.
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CONCLUSION

This study demonstrates that the Permeapad® 96-well plate is
a promising addition to the drug permeability profiling tool-
box. The Permeapad® 96-well plate allows fast and reproduc-
ible permeation experiments. The experimental permeability
values obtained allowed clearly to distinguish high- from mod-
erate—/low-absorption drugs and yielded a hyperbolic corre-
lation with human F,, which is typical for i vitro permeability

data. According to this study, P,,, values above 10 X

107° ecm/s indicate high permeabﬂi}t; in the Permeapad®
permeation assay. The neutral molecule hydrocortisone, in-
stead of the weak base metoprolol, is regarded suitable to
indicate the class boundary between high and moderate-to-
low absorption. Permeapad®, in contrast to PAMPA, appears
to allow the minor passage of drug compounds with an estab-
lished paracellular absorption pathway, which may serve as a
first indication for the presence of water-filled pores across
Permeapad®. This observation deserves further investigation.
Although the Permeapad® Plate comprises an industrially
produced version of the Permeapad® barrier, the permeabil-
ity values are fully comparable with those, obtained with the
Permeapad® barrier made in-house and employed with a
Franz cell set-up. Compared to the latter, the microtiter plate
format substantially increases the throughput and renders the
Permeapad® 96-well plate a veritable high-throughput tool.
The permeability values obtained with the Permeapad® 96-
well plate correlated reasonably well with published perme-
ability data obtained via the Caco-2 model and very well with
those obtained via a PAMPA model. The microscopic images
of the Permeapad® barrier upon swelling revealed large phos-
pholipid vesicles and myelin-structures.
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