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It is demonstrated that biomimetic stable triblock copolymer membrane arrays can be prepared using a scaffold
containing 64 apertures of 300 μmdiameter each. The membranes were made from a stock solution of block copolymers
with decane as a solvent using a new deposition method. By using decane, we avoid low molecular weight solvents such
as chloroform and toluene, which are strong protein denaturants. The membranes show a low ionic conductance and
a long lifetime at room temperature. Contrast phase microscopy shows the presence of a polymer region delimited by
a Plateau-Gibbs border similar to what is observed in black lipid membranes. The ion-channel gramicidin A was
successfully incorporated into the membrane in a functional form.

Introduction

High-throughput screening (HTS) systems based on artificial
membranes are increasingly being recognized as a sensitive and
low-cost approach that may become an alternative to screening
using cell-based assays. The major obstacle against the develop-
ment of protein arrays is the low reproducibility and low stability
of classical black lipid membranes (BLMs). New generations of
microarrays of membrane supports for parallel screening of
membrane proteins can increase the exhaustive studies of protein
structures and functions. The conventional BLMs fail also in the
main conditions for commercial use in screening applications. It
was reported that one of the requirements for development of
membrane biosensors is the membrane should be stable for more
than 1 day for screening applications.1 Additionally, the mem-
brane should be easy to form and easily facilitate membrane
protein insertion, among the low cost needed to be economically
competitive.

Reconstituted lipid bilayers have been one of the most recur-
rent methods to investigate membrane protein function because
they can mimic the membrane protein environment in cells in a
simple membrane derived from lipids. Protein incorporation into
lipid membranes is interesting because of fundamental studies in
membrane protein function and because they represent a promis-
ing tool in biomedical applications.2 The conventional BLMs
have been used for years as a suitable environment for protein
reconstitution. However, many problems remain unsolved, some
of them because potential pitfalls arise when applications are
envisaged. Membrane protein dysfunctions are involved in a
wide variety of diseases, and a better fundamental understanding
of the underlying molecular mechanisms is essential to indicate
routes toward treatment.Additionally,manydrugshavemembrane
proteins as a target, and future optimizationof their interaction to

achieve a successful therapeutic effect also relies on studies of
lipid-protein interactions.

In order to address such issues, new kinds of bioartificial
compounds suitable to make stable membranes for protein
incorporation are required. Among the most prominent com-
pounds able to mimic membranes are synthetic double-chain
amphiphiles aswell as block copolymerswith amphiphilic proper-
ties. Both types of compounds can be used to build membranes.
Recently, the attention has turned to triblock copolymers that for
years have been shown as a useful tool to make self-assembled
structures, many of them resulting in membranes analogous to
those formed with lipids.3 As a result of the larger hydrophobic
counterpart, block copolymer membranes are more stable than
those formed with lipids. The first steps in membrane formation
and protein incorporation have recently been taken by Meier
et al.4-9 In their work, they used for the first time anABA triblock
copolymer in order to make a free-standing membrane. The
success of this new type of membrane is judged by two main
criteria: One is the membrane stability, and the other is suitability
to accommodate active membrane proteins in the hydrophobic
environment. These two objectives have been addressed by
Kumar et al.4 who demonstrated the successful incorporation
of Aquaporin Z (AQPz) in a polymeric ABA membrane. The
main advantage of these polymeric membranes is that they can be
a new alternative to the conventional ones based on BLMs with
high stability.

However, the use of solvents such as chloroformand toluene to
prepare polymeric membranes is problematic because these
solvents are strong protein denaturants. Taking the pioneering
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works ofMeier et al.5,6 as a starting point and having as the main
goal the development of a suitable system for commercial
applications, we address one of the important issues that arise
when upscaling themembrane for protein functionality screening.
In the present work we use a new ABA triblock copolymer to
make a stable polymer membrane. The membrane was prepared
from a stock solution with decane as solvent, which does not
denature proteins. Themembrane arrayswere formedusing anew
automated method described recently by Hansen et al.10,11 The
membrane arrays were found to have low ionic conductance and
high stability at room temperature. The suitability of the mem-
brane array as a host matrix for membrane proteins was demon-
strated by incorporating the model ion channel gramicidin A that
was shown to exhibit single-channel activity.

Experimental Section

Materials. Triblock copolymers consisting of a middle block
of 60 units of poly(dimethylsiloxane) (PDMS) and two 7 unit side
blocks of poly(2-methyloxazoline) (PMOXA) carryingmethacry-
late end groupswith a totalmolecularweight (MW)of 5800 g/mol
(PMOXA7-PDMS60-PMOXA7) (in short ABA) were obtained
fromBioCure (USA). Tefzel ethylene tetrafluoroethylene (ETFE)
LZ200 from DuPont Fluoropolymers (Detroit, MI) were used
to fabricate multiaperture 8� 8 partitions.11 Solid Teflon blocks
from Vink A/S (Randers, Denmark) were used to manufacture
chambers for membrane formation according to the design pre-
sented by Hansen et al.10 Sheets of regenerated cellulose (DSS-
RC70PP) were purchased from Alfa Laval (Nakskov, Denmark)
and cleaned prior to use by sonication in ethanol followed by
Milli-Q water. Gramicidin A (gA) was purchased from Sigma-
Aldrich. All other chemicals were purchased from different
commercial sources.

Methods. ETFE partitions arranged with rectangular 8 � 8
arrays of 300 μm diameter apertures were fabricated by laser
ablation as described by Vogel et al.11 and Hansen et al.10 and
pretreated by a low-MW hydrocarbon. The partition was, to-
gether with a sheet of regenerated cellulose, used for membrane
stabilization, placed in the autopainting membrane chamber
(APM) (the design is described in detail byHansen et al.). Briefly,
the partition was placed vertically in the center of a circular
interface between a cis and a trans chamber. The cis chamber
was divided by a cut glass into two parts, a larger volume furthest
from the partition and a smaller volume in front of the partition,
thus only allowing flow from one part to the other along the
bottom of the assembly. This allows for “autopainting” with a
suitable solution added in the smaller part of the cis chamber by
raising and lowering the solution in the large part of the chamber.
Prior to membrane formation, the cis and trans chambers were
filled with 0.1 M KCl buffer.

For the polymer membrane-forming solution, 30 mg of ABA
was dissolved in 50 μL of chloroform. After the mixing was
completed, different volumes of decanewere added to the starting
solutions (0.3, 0.4, 0.5, 0.6, 0.7, and 5 mL of decane) and mixed
again. The six samples were stored in vacuum for 5 min to
evaporate the chloroform. The result was transparent samples
with a decreasing viscosity as a function of decreasing final
polymer concentration. Thirty microliters of each sample was
used tomakemembranes in 64 apertures using theAPMchamber
design. The process was repeated, making a total of four experi-
ments with each solution.

Voltage Clamp. The experimental setup used for capacitance
and conductance measurements consisted of a model 2400
Patch Clamp Amplifier with a head stage containing 10 G/10 M

feedback resistors (A-M Systems, Inc., Carlsborg, WA) and a
Thurlby Thandar Instruments model TG2000 20 MHz DDS
function generator (RS Components. Ltd., Northants, U.K.).
For data acquisition, a combined oscilloscope/analog-digital
converter (ADC-212/50, Pico Technology, Cambridgeshire, U.K.)
was used. Capacitance and conductance of the membranes were
measured by applying 50 Hz triangular (100 Vpp) and rectan-
gular (100 mVpp) voltage clamp wave forms, respectively. The
setup allowed for repeated acquisition over longer times.12,13

Phase Contrast Microscopy. Visual inspection of mem-
branes painted by hand were done using phase contrast micro-
scope images acquired on a Zeiss Axiovert 200M epifluorescence
microscope (Carl Zeiss, Jena, Germany) equipped with a mono-
chromeDeltapixDP450 CCD camera andDeltapixDpxViev Pro
acquisition software (Deltapix, Maalov, Denmark). The objec-
tives usedwere air-correctedPlan-Neofluar2.5�/0.075numerical
aperture (NA) and 10 �/0.25 NA.

Ion Channel Insertion. Ethanol stocks of gA were prepared
and a 12 nM ethanolic solution of gA used for experiments.
Twenty microliters of the gA solution was added to 200 μL of the
solution of 6 mg/mL of ABA in decane.Membranes were formed
with this polymer/gA solution according to the APM method in
8� 8 aperture partitions in electrolyte conditions of pH 1 HCl.
After membrane formation, an additional 20 μL of a 120 nM
ethanolic gA solution was added to one side of the partition. The
addition of gA in close proximity to the 8� 8 membranes may
result in membrane breakage; reforming of the membranes is
done by adding 20 μL of the polymer/gA solution. Trans-bilayer
potentials up to 500 mV were applied across the membrane, and
current traces were filtered at 50 Hz.

Results and Discussion

The polymer used in our work was an ABA triblock copoly-
mer, and the structure is described in the Experimental Section.
The polymer solutions were prepared by dissolving 30 mg of
polymer in 50 μL of chloroform. After dissolving the polymer,
different volumes of decane have been added, resulting in a
transparent stable solution in all cases.Afterward, the chloroform
was evaporated under vacuum, and the polymer remains dis-
solved in decane. All the samples were prepared at room tem-
perature and used after preparation to make membranes. With
each solution we prepared four different membrane arrays in a
perforated Teflon partition separating two aqueous compart-
ments. The partition contains 64 apertureswith a diameter of 300μm
each (see the work of Vogel et al.11). The membrane arrays were
formed using the deposition method reported by Hansen et al.10

For a more detailed description, see the Experimental Section.
In order to visually assess the suitability of the ABA polymer for
membrane formation, we performed phase contrast microscopy
experiments with a stock solution of 10 mg of ABA in 5 mL of
decane. The results are shown in Figure 1.

It iswell known that the surface areaof aBLM is lower than the
aperture in which the membrane is formed, because of the
presence of the so-called annulus, an external torus that contains
the lipid and a reservoir of solvent.14A similar annulus is expected
in a triblock copolymer membrane, which indeed is found using
phase-contrast microscopy images of the apertures after mem-
brane formation. Figure 1a shows six apertures showing a
polymer membrane each. Each membrane shows a central area
surrounded by a characteristic Plateau-Gibbs border similar to

(10) Hansen, J. S.; Perry, M.; Vogel, J.; Vissing, T.; Hansen, C. R.; Geschke, O.;
Emneus, J.; Nielsen, C. H. J. Micromech. Microeng. 2009, 19, 2.
(11) Vogel, J.; Perry, M.; Hansen, J. S.; Bolinger, P. Y.; Nielsen, C. H.; Geschke,

O. J. Micromech. Microeng. 2009, 19, 2.

(12) Ogden, D.,Microelectrode Techniques, The PlymouthWorkshopHandbook;
Company of Biologists: Cambridge, U.K., 1994.
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Techniques; Axon Instruments, Inc.: USA, 1993; p 2500-0102.

(14) White, S. H. Biophys. J. 1972, 12(4), 432.
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what is observed in BLM using solvents such as chloroform or
decane. Figure 1b shows the entire membrane array.

The diameter of each aperture is 300 μm, and the average
diameter of themembrane delimited by the Plateau-Gibbs border
is about 150 μm. The annulus contains the polymer and a
reservoir of decane. Regarding the central area, the pictures in
Figure 1 suggest that this region may be sufficiently thin to
accommodate integral membrane proteins. In order to character-
ize the membrane properties of the entire membrane array, we
performed voltage-clamp experiments. Briefly, a classical voltage-
clamp setup with conventional Ag/AgCl electrodes inserted in
each compartment was used to measure membrane conductance
and capacitance. A detailed description of the chamber and
protocols used was recently published by Hansen et al.10 As also
observed for BLMs, the annuli shown in Figure 1a are substan-
tially thicker than the central areas, and we therefore neglect the
contribution from the annuli and take the total measured capa-
citance as representing the total (parallel) capacitance from all
central areas. From the capacitance and the area of the mem-
brane, we can estimate the membrane thickness as the membrane
being equivalent to a plate condenser.C=ε0ε1A/d, whereA in the
surface area, d is the membrane thickness, ε0 is the permittivity of
the vacuum, and ε1 is the relative permittivity of the polymer.8

Using a rectangular voltage stimulus waveform, the trans-mem-
brane current was measured to confirm membrane formation in
the 8� 8 array. The peak-amplitude of the transient current (the
output signal) remains constant for almost the lifetime of the
membrane. A slight increase in the peak-amplitude in the tran-
sient current as well as an increase in the steady-state current,
representative of the leak conductance, is observed immediately
before membrane rupture. Using a triangular voltage stimulus
waveform, we can estimate the membrane capacitance using I=
C [dV(t)]/dt. For every polymer solution, we prepared four
membranes, and we obtained the average current for each. These
values are constant until the membrane breaks. The values of the
capacitance depend on the polymer/solvent ratio. In Figure 2 we
show the capacitance and conductance as well as the mean
lifetime of the membranes as a function of the polymer fraction
in wt % in decane.

Figure 2a shows a sigmoidal function for the capacitance that
decrease as a function of polymer concentration until a plateau is
reached. At low polymer concentration, the capacitance stabilizes

and cannot be increased any further. The lifetime of the mem-
branes, shown in Figure 2b, decreases with the decrease in the
polymer concentration of the stock solution. The lifetime goes
from days, for membranes made with high polymer concentra-
tions, to some hours for low polymer concentrations. Unexpect-
edly, the membranes made using the stock solution at low
polymer concentration (between 0.004 and 0.01 wt % polymer
fraction) have equivalent lifetimes (see Figure 2b). We can argue
that the lifetime should be related not only to the amount of
polymer deposited in the partition after raising the sol-
vent-polymer solution, but also to the self-assembled structure
present in each stock solution. According to the phase diagram
reported byMeier et al.8 for an equivalent ABA polymer, we can
assume that, in the low polymer concentration range, the system
will self-assemble into lamellar-like, liquid crystal structure,
because, after membrane preparation, the system will be in
aqueous solution.

The phase separation shown in the low polymer concentration
regime (inset inFigure 2b) suggests that themain structure related
to the membrane formation is in the bottom phase, and the upper
phase is pure decane. In order to understand the deposition
mechanism, we need to know the kind of self-assembled structure
formed in decane. It is well-known that the phase behavior of
polymers is strongly dependent on the solvent. In the work
reported by Kumar et al.4 and Meier et al.,5 the phase diagram
of the polymer was carefully determined in water. These authors
used the phase diagram in combination with cryogenic transmis-
sion electronmicroscopy (cryo-TEM) to estimate the thickness of
the membrane, leading to a value of approximately 10 nm, i.e.,
double that of the lipidmembranes. In our case, the stock solution
was prepared in decane and later on transferred into the apertures
using the APM method. The deposition process as well as the
incorporation of an unknown amount of decane into the polymer
membrane makes it difficult to obtain a uniform thickness of the
present membrane. Hence is difficult to compare with the results
obtained by Nardin et al.8 using other techniques such as cryo-
TEM.

Large values for the apparent hydrophobic thickness of the
polymer matrix may at first appear to be problematic. However
the capacitance is an average measurement, and there might in
fact be areas where the membrane thickness is low enough for
functional protein incorporation. In order to verify that we can

Figure 1. (a) Phase contrast microscopy images of six apertures, out of a total of 64, after the membrane formation using the APMmethod
described in the Experimental Section. The arrow shows the limit between the Plateau-Gibbs border, characteristic for the singlemembranes
inBLMs, and the annulus that contains a reservoir of solvent. (b) Full array of 64 apertures.All the experiments have beenperformedat room
temperature.
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incorporate membrane spanning proteins, we perform standard
voltage-clamp experiments with the ionophore gA.15,16 Gramici-
din is a pentadecapeptide that, in suitable membranes, assembles
into dimeric channels with a hydrophobic length of 22 Å (see the
work of Elliott et al.17) and is permeable to monovalent cations.
Even though we do not know the exact thickness of the formed
black polymermembranes (BPMs), the appearance of conducting
gA dimer channels would thus show that part of the BPM has a
hydrophobic thickness suitable for gA incorporation. A current
trace of a gramicidin experiment is shown in Figure 3.

The high conductance reflects the fact that the channel traces
are done at 1MHCl.However, since the current is low, we cannot

rule out aggregation of gA. The data in this figure demonstrates
clearly that gA dimers can be formed in polymeric membranes.
Gramidicin channels can be formed in bilayers with hydrophobic
thickness larger than the hydrophobic length of the gramicidin
dimer, although we cannot assess the exact thickness of the BPM
around the channel. However, a large hydrophobic mismatch
between channel length and bilayer thickness usually result in the
appearance of subconduction states, as was reported byMobash-
ery et al.18 The absence of channel subconduction states indicates
that the mismatch is moderate at least in the channel vicinity. In
our case, the polymer membrane array shows that gA is inserted
and is functional. The number of ion channels that can be
incorporated in the entire polymer array remains unknown, and
this will be studied in future work.

Conclusions

A new stable ABA triblock copolymer membrane was pro-
duced having a large effective area. The membrane was prepared
in situ in a vertical partition using a new APM method. In the
64 apertures (8 � 8 partitions) with diameters of 300 μm, the
membrane shows a high stability, indicated by a long lifetime.
We demonstrate that theABAblock polymermembranes are sui-
table for incorporating amodel gA ion channel, and are therefore
potentially useful for the incorporation of other membrane
proteins as well. The large surface area in the present array
can be use in electrophysiological studies and represents an
alternative to conventional BLMs that have lower stability. The
promising perspectives and applications in protein screening and
protein function studies depend on the standardization of the
present system for different ion channels and other membrane
proteins. Future work requires fundamental studies on a wide
variety of polymers to investigate the effect of different block
lengths in the efficiency of incorporation of other membrane
proteins.
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Figure 2. (a) Conductance and capacitance, for the different ABA
membranes formed in the 64 array, from a polymer stock solution,
as a function of the polymer fraction in wt % in decane (X). Each
data point of the capacitance and conductance as a function of
decane concentration at room temperature corresponds to the
average values for four membranes. All the membranes have been
madeusing 30μLof each stock solution. (b)Mean lifetime for each
membrane. The inset shows the two different solutions with
a phase separation at the lowest polymer concentration. The z
represents the second phase (bottom) in the low polymer concen-
tration sample.

Figure 3. Single channel current trace in a ABA polymer mem-
braneuponadditionof gramicidin.Themembranewas formed in a
partition with 64 apertures by adding 30 μL of a stock solution of
6 mg/mL polymer in decane with 10 vol%of 12 nMgA in ethanol.
After membrane formation, an additional 20 μL of a gA solution
(120 nM in ethanol) was added ,and the membrane was reformed
using 20 μL of the polymer/gA solution. The trans-membrane
potential was 500mV, and the current traceswere filtered at 50Hz.
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