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of conventional PAMPA.

Parallel-artificial membrane permeation assay (PAMPA) is widely used to rapidly measure drug perme-
ability across a biological membrane. We have prepared model PAMPAs by supporting a lipid bilayer
on a hydrated polymeric cushion adsorbed at the surface of a nanoporous alumina filter. In contrast
to conventional PAMPAs, the natural fluidity of the bilayer is expected to be conserved in these model
PAMPAs. The assembly was characterized by contact angle measurement and atomic force microscopy
(AFM) and the supported membranes were mounted in a Franz cell setup to assess the permeability of
acetaminophen and famotidine. The permeability profiles for the model PAMPA were compared to those

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

A major bottleneck in drug discovery is the poor intestinal
absorption of promising new chemical entities (NCEs) intended for
oral administration. Currently, it is estimated that over 80% of orally
administered drugs are absorbed via a passive absorption mecha-
nism at the level of epithelial cells (Kv et al., 2007). The NCEs often
lack suitable amphiphilic balance required for absorption because
the lead optimization effort of high throughput screening (HTS) has
mostly been governed by potency rather than the drug-like proper-
ties considerations that are required to ensure adequate absorption,
stability and safety (Avdeef, 2001). Inappropriate in vitro predic-
tion of drug bioavailability is suspected to be one of the reasons
explaining the late rejection of many promising drug candidates,
even when considerable amounts of money have already been
engaged for the research (Hartmann and Schmitt, 2004). A partic-
ular challenge is, thus, to provide just-in time information about
drug-like properties to orient the medicinal chemistry lead opti-
mization effort and minimize the resources wasted in the synthesis
of poor-quality series. Acceptable human intestinal absorption is
critical to the successful development of drug products because it is
determinant to the bioavailability of an NCE. The passive intestinal
absorption of a drug depends on the balance between its perme-
ability, solubility and also pKa (for ionisable compounds). Work
by Amidon et al. (Amidon et al., 1995; Takagi et al., 2006), pio-
neered the establishment of the Biopharmaceutical Classification
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System (BCS) which facilitates the evaluation of generic drug prod-
ucts bioequivalence. To assess the ability of a compound to cross the
intestinal barrier, several tools were developed over the years rang-
ing from empirical ones (Lipinski et al., 2001; Veber et al., 2002) to
complex animal studies such as in situ perfusion and hepatic portal
vein canulation (Lennernds, 2003). More relevant to the pre-clinical
development phase of drug products, different cellular and non-
cellular assays were elaborated to rapidly screen the permeability
of pre-clinical drug candidates. The Caco-2 cell permeability assay
is considered as the gold standard to evaluate intestinal permeabil-
ity. Even though this test takes into account several active transport
proteins that are present in the enterocyte membrane, it comes
with all the tedious drawbacks associated with cellular assays: in
addition to being time and resource-consuming, low-throughput
and a high rate of variability is observed between assay conditions
(Kv et al., 2007; Ungell, 2004; Kansy et al., 1998).

Non-cellular parallel-artificial membrane permeation assays
(PAMPAs) (Kansy et al., 1998, 2004; Avdeef et al., 2007, 2008;
Fischer et al., 2007; Flaten et al., 2006, 2007; Li et al., 2008) were
designed to be easily and rapidly performed. They enable to obtain
preliminary permeability data when compounds need to be ana-
lyzed rapidly during the preclinical development and led to the
publication of at least 32 primary publications since 1998 (Kansy
et al., 2004). Recent research efforts include the development of
PAMPAs simulating the blood-brain barrier (Di et al., 2003), the
evaluation of the predictive power of the PAMPA assay (Avdeef
et al., 2003) as well as developing PAMPA assays suitable for the
early discovery phase of drug R&D (Kerns et al., 2004). However,
the PAMPA screening suffers from several experimental limitations.
First, the phospholipids deposited on the filters are often dissolved
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in n-dodecane (Kansy et al., 1998, 2004), thus provoking the for-
mation of multilamellar bilayers inside the filter channels when
the membrane is in contact with the aqueous environment of the
donor and receptor compartments (Avdeef et al., 2001). As a con-
sequence, the filter pores can be blocked and the drug permeation
can be abnormally slow and non-representative of the molecule
“true” permeability. Studies have shown that variation in com-
pound permeability depends on the filter coating (Avdeef et al.,
2001; Hamadldinen and Frostell-Karlsson, 2004; Seo et al., 2006).
Therefore, another issue of the PAMPA membrane is its biological
relevance which involves two main parameters, i.e. its fluidity and
composition. A study performed by Seo et al. (2006) with mem-
branes made of individual saturated and unsaturated PC, PE and PS
showed that permeable compounds are more sensitive to the mem-
brane fluidity. Although “biomimetic PAMPA” is carried out using
membranes made of a mixture of phospholipids, the preparation of
the filter coating generates an inherent problem of membrane flu-
idity that will not be improved by using unsaturated lipids. De facto,
an interaction between the deposited lipid bilayer and the filter is
responsible for a decreased mobility of the lipid and of the fluid
character of the membrane (Tanaka and Sackmann, 2005). This sit-
uation cannot be correlated to the in vivo situation where the drug
only penetrates a single well-defined fluid bilayer.

To address these issues, we aimed at preparing a model system
which will be amenable to HTS, but where the drug will diffuse
through only one single bilayer (Fig. 1). For this purpose, a lipid
bilayer was supported on a hydrated polymeric cushion which
was itself immobilized at the surface of a filter with controlled
porosity. Polymer-supported membranes are excellent models of
the cell surface (Tanaka and Sackmann, 2005) because they retain
their native fluidity and they exhibit excellent mechanical stability
in comparison to free-standing black lipid films. Furthermore, the
lipid membrane can rapidly be deposited on a polymeric cushion,
even when large areas are to be covered; therefore, it is conceiv-
able that this technique could be implemented in a high throughput
procedure. Finally, it is possible to insert membrane proteins in
the bilayer, yielding functional lipid membranes. Such membranes
proved to be excellent models for the study of various biochemical
processes (Watts et al., 1986; Sackmann and Bruinsma, 2002) as
they were representative of in vivo membranes.

In this first report, we wish to describe the preparation of such
supported bilayer system (Fig. 1). We will also examine the influ-
ence of the nature and porosity of the filter and of the polymeric
cushion. Ideally, neither the filter nor the cushion should influ-
ence the permeability of the drug, as the permeability of drug
through the bilayer only should be assessed. This can be achieved
by selecting a polymeric layer and a filter which imparts negligi-
ble resistance to diffusion in comparison to diffusion through the
bilayer. Thus, to assess the influence of the support, permeability
profiles have been measured for two model drugs, famotidine and
acetaminophen. This proof of concept study will be followed by a
more complete assessment of the permeability of a wide of drugs in
comparison to Caco-2 and conventional PAMPA diffusion profiles.

2. Materials and methods
2.1. Materials

Membranes S1-S3 were purchased from Synkera (USA),
Anodisc Al from Whatman (USA), amino-PEG (mPEG-NH,,
My =1000g/mol) from Nanocs (USA), dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) from Avanti Polar (Alabaster, AL, USA) and
all other chemicals from Aldrich. Water was nanopure grade. Con-
tact angles were measured using a digital camera equipped with a
MSN 505 UltraMacro lens from Raynox (32 diopters), and images

were analyzed using Image] software and Contact Angle plugin,
both freely downloadable from internet. Atomic force microscopy
pictures taken in air were collected with a Nscriptor™ DPN® Sys-
tem DS006 (Nanolnk, USA). Data analysis was performed using the
InkCAD software. Pictures taken in water were obtained with a Mul-
timode Dimension 3100 atomic force microscope equipped with a
NanoScope Illa controller (Digital Instruments, Santa Barbara, CA)
operated in tapping mode using aluminum-coated silicon tips from
NanoWorld (ARROW-NCR-20). Data analysis was performed using
the NanoScope III software (version5.30r3). All images were taken
at 25°C.

2.2. Coupling of mPEG-NH2 to S1-S3 filters

The filters (25 mm diameter) were heavily rinsed with acetone
(HPLC grade), dried in a dessicator and then immersed in hydro-
gen peroxide (30%) for 15 min at 55°C. It was then transferred in
100 mL of water for 15 min at 55 °C. The water was removed under
a stream of nitrogen. They were then incubated with a 5% solution
of aminopropyl trimethoxysilane (APS) in toluene for 2 h at room
temperature. The filters were then rinsed with chloroform, acetone,
water and then dried under a gentle stream of nitrogen.

The silanized filters were then incubated in a 25% solution of
glutaraldehyde in a pH =5 buffer at room temperature for 1 h. They
were then rinsed six times with water and dried under a gen-
tle stream of nitrogen. The filters were incubated in a solution of
mPEG-NH, (0.2 g/L) in anhydrous toluene for 1 h at room temper-
ature, then rinsed successively with anhydrous toluene, acetone,
water and dried with a gentle stream of nitrogen.

2.3. Coating of the filters by polydopamine

A pH=28.5 buffer was prepared by mixing 2.62 mL of 0.5 molar
solution of NaH,;PO4 and 98.69 mL of a 1 molar solution of NaHPO4
and 900 mL of water. A dopamine solution (c=2 g/L) was prepared
by dissolving 12 mg of dopamine powder in 6 mL of buffer. Imme-
diately after, one filter was transferred to this solution, and left for
4h in the solution which gradually turned green. The filter was
then extensively rinsed with water. Rinsing was continued until
no dopamine could be detected by UV-Vis spectrophotometry at
280nm. At this point, the filter was green, whereas the rinsing
water was colorless.

2.4. Vesicle fusion

The experimental procedure was adapted from the one devel-
oped by Johnson et al. (2002). In short, lipids were hydrated in a
buffer solution (pH=8), then the resulting multilamellar vesicles
were freezed-thawed five times. The resulting liposomes were son-
icated with a sonicating probe (20W, 15 pulses for 20 min, each
pulse being separated by a dead time of 30s). Then, they were
centrifuged during 30 min at 5000 rpm. The supernatant was col-
lected and was extruded at 46 °C through an Avanti miniextruder
equipped with 200 nm polycarbonate membranes, yielding a solu-
tion of unilamellar vesicles. In order to induce fusion, a filter, freshly
coated by polydopamine was completely immersed in the vesicle
solution overnight at 40°C. In order to wash the excess of lipids,
the filter was then immersed in 4 mL of 10 mM Tris buffer solu-
tion (pH 8, 300 mOsm/L). After removal from the solution, the filter
was immediately used for PAMPA experiments. The membrane was
never left to dry.

2.5. Permeation measurement, via PAMPA

For permeation measurements, vertical diffusion cells were
used as described by Loftsson et al. (2006). In short, Franz cells
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Fig. 1. Model PAMPA membranes. A lipid bilayer is supported on a polymeric cushion (P

EG or polydopamine) which is itself covalently anchored or absorbed at the surface

of a nanoporous alumina filter. The assembly is mounted in a Franz cell setup (left) for permeability measurements.

(Hanson, 7 mL) were filled with water at 37 °C. The PAMPA mem-
brane was positioned at the interface between the donor and
acceptor compartments. Great care was necessary in order to avoid
the formation of air bubbles at the lower side of the membrane.
Then, the donor compartment was filled with an aqueous solu-
tion of acetaminophen (c=0.4 mg/mL). In the case of famotidine,
a 1mg/mL solution in 10~3 mol/L HCl was used instead of pure
water (the lower compartment was also filled with 10~3 mol/L
HCI). Stirring in the lower cell was set at 400 rpm and the cell was
maintained at 37 °C during all the experiment (2 h). Every 15 min,
1mL was aliquoted from the lower compartment and replaced
by water (or 10-3 mol/L HCIl) in order to work at constant vol-
ume. The permeated drug concentration was evaluated by UV-Vis
spectrophotometric concentration measurement (A =243 nm for
acetaminophen and A=265nm for famotidine). Permeation of
Lucifer Yellow was also assessed by this method (results shown
in supplementary content). Since the permeation rate of Lucifer
Yellow was negligible, we could conclude that the membrane was
integral.

3. Results and discussion

Several filters were selected for this work (Table 1). A first
type consists of commercial nanoporous alumina filters from
Synkera with uniform pores (18 nm, 73 nm and 150 nm diameter)
regularly distributed in a 2D square array. Commercial alumina
filters (Anodisc from Whatman) having pores of uniform diameter
(200nm) randomly distributed were also used in this study.
Finally, a polysulfone membrane with an average pore diameter of
450 nm was also used in this study. The surface functionalization of
these filters by amino ended polyethylene glycol (mPEG-NH;) was
performed using the procedure developed by Popat et al. (2004)
and Tanvir et al. (2009). In short, freshly washed filters were first
activated with 3-aminopropyl trimethoxysilane (APS) followed
by reaction with first glutaraldehyde then amino-PEG (Fig. 2).

surface
Al,O,

3-aminopropyl
?CH3 g

H,0, trimethoxysilane
H~OH ||—O-Si—(CH2)3-N H,
T=55C ‘

OCH,

OCH,

Table 1
Filters used to support floating bilayer membranes.

Filter Nanoporous

alumina (Anodisc)

Nanoporous
alumina (Synkera)

Al S1 S2 S3
Pore size (nm) 200 18 73 150
Thickness (jpm) 60 53 54 52
Contact angle (°)
Untreated filter nd 32 97 nd
After H,0, activation 65 61 63 38
After APS treatment 45 52 61 nd
After glutaraldehyde 32 57 73 54
After mPEG coupling 44 51 28 <25

nd, not determined.

Unsurprisingly, this procedure proved to be inefficient for poly-
sulfone filters (as these filters do not bear any surface hydroxyl
groups).

The functionalization reaction was followed by surface con-
tact angle measurement after extensive washing (Table 1). After
mPEG-NH,; coupling, the membrane surface was found to be more
hydrophilic, as shown by a significant decrease in contact angle.
Interestingly, there is an inverse correlation between pore size and
surface hydrophilicity, as measured by contact angle after mPEG
treatment (51° for membrane S1 vs less than 25° for membrane
S3). This may indicate that the coupling is more successful for the
filters with the largest pore sizes; however, it is also important to
remember that contact angles are also very dependent upon sur-
face roughness which is obviously not identical for the membranes
S1and S3.

The mPEG-NH, grafting was also assessed by atomic force
microscopy (AFM) in air. In contact mode, the pores of the filter
are clearly apparent (measured with a diameter 124 nm, 0 =23 nm,
N=53) (Fig. 3a). The polymer can be visualized in tapping mode

OCH,
lutaraldehyde ‘

?-Si-(CHz)a-N=CH-(CHZ)3-CH0
OCH,

MPEG-NH,

llO-Ei-(CH2)3-N=CH-{CH2)3-CH=N-CH-(CHZ)Z-(CHZ-CHz -0),- OCH,
|

OCH,

glutaraldehyde : OHC-(CH,),-CHO

3-aminopropyl trimethoxysilane (APS) : Si(OCH,),-(CH,),-NH,

Fig. 2. Surface derivatization of nanoporous alumina filters by mPEG-NH,.
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Fig. 3. AFM analysis of membrane S3 derivatized by mPEG-NHj in air. (a) Contact mode (scan size 1.78 wm x 1.78 wm). (b) Tapping mode (scan size 2.25 pm x 2.25 pm).

(Fig. 3b) under the form of isolated islands, indicating that the
grafting process was not uniform.

Albeit not perfectly covered by mPEG-NH,, these filters were
nonetheless used to support floating bilayer membranes, using the
well-known vesicle fusion method (Johnson et al., 2002; Richter
et al,, 2006). The resulting substrates were characterized by AFM
(tapping mode) in water (see Supporting information) indicating
that the lipids are adsorbed at the alumina surface and are not sup-
ported by the PEG chains in regions with low PEG density. Domains
with high PEG density appear to be protruding above the lipid-
coated alumina surface. Consequently, the PEG functionalization
strategy failed for two reasons. First, the grafting density was not
sufficient, leaving bare spots of alumina with which the phospho-
lipid head groups had a strong affinity. Furthermore, PEG chains
are not easily amenable to support lipid bilayers due to the lack
of sufficiently strong interactions between the lipid and the PEG
(Goennenwein et al., 2003; Demé and Marchal, 2005).

In view of the failure of the PEG strategy, we selected poly-
dopamine as a possible candidate to support the bilayers. The
rationale for this choice is that dopamine spontaneously forms
cross-linked polymeric films onto a wide range of inorganic and
organic surfaces when introduced in an aqueous solution at pH 8.5
(Fig. 4) (Lee et al., 2007; Waite, 2008). The film thickness can easily

Dopamine Polydopamine 2
NH
/ NH / NH
n
HO S
OH HO OH HO OH
- a pH85 = =

é:>

)

filterin a dopamine
solution

—

polydopamine
coated filter

Fig.4. Polymerization of dopamine onto the surface of a nanoporous alumina filter.

be controlled by adjusting the polymerization time. However,
the exact polymerization mechanism as well as the nature of the
resulting film is still under scrutiny (Lee et al., 2007; Waite, 2008;
Yuetal., 2010). Thus nanoporous alumina surfaces were immerged
in aqueous solution of dopamine (c=2mg/mL) at pH 8.5 for 4h,
resulting in the formation of 20 nm thick films (the 20 nm thickness
isbased on literature data for dry films) (Lee et al.,2007). The result-
ing greenish film was monitored by AFM (tapping mode in water),
indicating that most of the surface (contrasted in clear) is uniformly
coated by polydopamine, but most pores (contrasted in dark) are
unblocked. In several regions, the film of dopamine also covers
the pores, making continuous islands of up to 0.6 pum dimension
(X in Fig. 5a). Elsewhere, a thin layer of polydopamine, which was
measured to be in average 35 nm thick (hydrated thickness), was
found to cover the filter. Therefore, polydopamine is more efficient
than PEG in making a hydrated cushion over the alumina filter.

The polydopamine covered filters were then used to sup-
port DMPC membranes, using the vesicle fusion protocol. To our
knowledge, direct fusion of a vesicle on polydopamine has never
been reported before. However, we were encouraged by the fact
that polydopamine has recently been shown to interact attrac-
tively with cellular walls (Kang and Elimelech, 2009; Ku et al.,
2010a,b). Additionally, we observed that during the fusion pro-
cess, the greenish film turned to a brown tinge (and the solution
remained colorless), indicating that the vesicles interacted with
the absorbed polydopamine film. Fusion of the bilayer was evi-
denced by AFM (tapping mode in water, Fig. 5b): in stark contrast
to the perforated PEGylated surface, the DMPC-dopamine-filter
assembly has a very uniform surface. The topography shows
only valleys and peaks, all of the same height which are regu-
larly aligned in a square array. The lower zones correspond to
the free standing bilayer which is supported on polydopamine
pillars (the higher zones). Therefore, the bilayer follows the topog-
raphy of the cushion covered filter. The roughness parameter
increases from 14.6nm (for the polydopamine only membrane)
to 20.1 nm for the DMPC containing film. This increase of rough-
ness is associated to an increase of surface material of approx.
5.5nm which is consistent with the thickness of a fully hydrated
bilayer. Anodisc (A1) filters were also coated with a film of
polydopamine which was then used to support the bilayer. We
were unable to unambiguously interpret AFM pictures of the
resulting films, probably because the pore arrangement is ran-
dom unlike the S1-S3 filters for which it is periodic. As Al
Anodisc filters and S1-S3 filters are all made of nanoporous
alumina, it can be assumed that the cushion is adsorbed at the
surface and the bilayer is properly deposited.
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Fig. 5. (a) Surface of S3 covered by a film of polydopamine. X locates the continuous islands of polydopamine. (b) 3D representation of the surface S3 covered by the

polydopamine film and the DMPC bilayer.

A 154 @ assayl

141 °© assay2

131 A assay3

© assay4

12 + assayb5
114 = assay6 -

10 i
94 - -

8_

1 -

6_

5_

0 T T T T T T T T
0,0 0,5 1,0 1,5 2,0

time (h)

30 |
-

% diffused

B 15 @  assayl
144 o assay2
134 & assay3
124 © assay4
111 + assayb

10

o 3 %
7' 8

4 o @

% diffused

0 T T T T T T T T
0,0 0,5 1,0 1,5 2,0

time (h)

Fig. 6. Diffusion profile of famotidine: (a) classical PAMPA (N=6) and (b) DMPC bilayer on A1 filter with polydopamine hydrated cushion (N=5).

Permeation tests were performed using two model drugs, famo-
tidine and acetaminophen, both of which contain chromophores
easily detected by UV-Vis spectrophotometry. Acetaminophen is
included in group 1 of the biopharmaceutical classification system,
whereas famotidine is in group 2. Diffusion profiles, collected with
Franz static diffusion cells, are shown in Figs. 6 and 7. With fil-
ters S1 and S2 (with nominal pores of respective diameter of 18
and 73 nm), neither famotidine nor acetaminophen diffused. These
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results suggest that the pores were clogged by polydopamine, in
agreement with the 35 nm polydopamine layer thickness. Further-
more, filters S1-S3 were found to be extremely mechanically fragile
(rapid formation of holes through the membrane). Therefore, the
S1-S3 membranes were not further employed for these tests.
While Fig. 6a (resp. Fig. 7a) represents the diffusion profile
using a classical PAMPA setup, Fig. 6b (Fig. 7b) shows the diffusion
of famotidine (resp acetaminophen) on supported DMPC bilayers.
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First, it is clear that the supported bilayers yield reproducible
results, as seen by the dispersion of the results which is compara-
ble to conventional PAMPA. Furthermore, it is clear that the model
PAMPA yields diffusion profiles which are different from the clas-
sical PAMPA one (at least in the case of acetaminophen), indicating
that the drug diffuses through different environments, a legacy of
the change of fluidity between the supported bilayer vs adsorbed
lipid on the filter. Last, for the conventional PAMPA, the diffusion
profile of famotidine is similar to the one of acetaminophen
(comparing Figs. 6a and 7a). This is not the case for the model
PAMPA. Therefore, it seems that the model PAMPAs might be more
discriminative than conventional ones, although this will only be
proved after testing a very large number of drugs.

Clearly, this very first report on freely supported PAMPA seem-
ingly indicates that supporting the lipid bilayer is a promising
strategy to quickly assess the passive permeability of drugs. In order
to further assess this phenomenon, we will need to examine longer
permeation profiles (up to 8h) for a wider range of drugs. Our
approach will conceptually allow us to study the effect of bilayer
composition, bilayer fluidity and elasticity on drug permeability
without interference from the filter, since the bilayer is not in con-
tact with it. This is currently not possible with conventional PAMPA
as the lipid is adsorbed at the filter surface. We will also be in mea-
sure to assess the influence of the nature of the hydrated layer and
of the filter porosity on permeation. Ideally, neither the cushion
nor the filter should influence the drug permeability. Finally, our
approach could be used to insert membrane proteins in the bilayer,
which we envision should yield a higher absorption predictability
compared to conventional PAMPA approaches.
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