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This article reports on recent electrical and optical techniques for investigating cellular signaling reac

tions in artificial and native membranes immobilized on solid supports. The first part describes the forma

tion of planar artificial lipid bilayers on gold electrodes, which reveal giga-ohm electrical resistance and 

the insertion and characterization of ionotropic receptors therein. These membranes are suited to record 

a few or even single ion channels by impedance spectroscopy. Such tethered membranes on planar arrays 

of microelectrodes offer mechanically robust, long-lasting measuring devices to probe the influence of dif

ferent chemistries on biologically important ionotropic receptors and therefore will have a future impact 

to probe the function of channel proteins in basic science and in biosensor applications. In a second part, 

we present complementary approaches to form inside-out native membrane sheets that are immobilized 

on micrometer-sized beads or across submicrometer-sized holes machined in a planar support. Because 

the native membrane sheets are plasma membranes detached from live cells, these approaches offer a 

unique possibility to investigate cellular signaling processes, such as those mediated by ionotropic or G 

protein-coupled receptors, with original composition of lipids and proteins.

© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The plasma membrane at the interface between exo- and 

cytoplasm of a biological cell processes a network of signaling 

reactions which are of central importance for the functioning of 

a cell. In spite of intensive research, many key questions remain 

unsolved, for example (i) how chemical and physical signals are 

sensed by particular membrane proteins, (ii) how these membrane 

proteins process the signals by a complex biochemical network of 

interacting proteins, (iii) how these processes are modulated by 

highly dynamic spatiotemporal concentration changes of mem

brane lipids and in turn membrane proteins, and (iv) how these 

reactions on the membrane couple to the biochemical signaling 

network inside of the cell, Reviews: [1–5]. A detailed insight into 

these themes will have also a large impact to understand and treat 

diseases [6].

Often these questions have been addressed using model mem

branes to simplify the complexity of living cells [7]. Although clas

sical biophysical and bioanalytical means are dominating in this 

field, there are emerging micro-, nano- (single-molecule) tech

niques, which open new vistas for investigating and thereby deliv

ering important insights into the functions of membranes unat
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tainable by traditional methods [8]. Examples are the detection of 

structural fluctuations of membrane proteins under physiologi

cal conditions using scanning probe and single molecule optical 

microscopies [9,10], the monitoring of the folding/unfolding of sin

gle membrane proteins by force microscopies and optical spectros

copies [11,12], the observation of trajectories of single protein and 

lipid molecules visualizing membrane microdomains by single 

molecule optical microscopy [13]. Many of these techniques rely 

on membranes or membrane components immobilized on solid 

supports.

Historically, supported membranes were first used in the 1980s 

by Harden McConnell and his colleagues to investigate molecu

lar processes and simulate cell–cell interactions of the immune 

system by fluorescence microscopy and total internal reflection 

[14]. Planar membranes were formed either as lipid monolayers 

on alkylated glass plates [15] or as lipid bilayers on hydrophilic 

(mostly glass) supports either by successive transfer of monolay

ers from the air–water interface to the support [16] or by fusing 

lipid vesicles from an aqueous bulk phase to a hydrophilic glass 

slide [17]. These developments were the basis for many forthcom

ing biophysical investigations on artificial planar supported mem

branes [18–22].

In parallel there was in the 1980s a growing interest to use 

surface immobilized biological molecules (mostly water-soluble 

redox-enzymes, antibodies, DNA) to detect and quantify analytes 
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by biosensors [23–26]. In the 1990s the biosensing concept was 

extended to membrane proteins. In order to obtain mechani

cally robust and electrically insulating membranes comprising 

functionally active membrane receptor proteins novel methods 

have been developed to tether lipid bilayers covalently to solid 

supports (gold, glass, silicon/SiO2) either via hydrophilic spacers 

[27–29], on a nanometer-thick polymer cushion [30] to create a 

water film between the lipid bilayer and the sensor surface and 

thereby ensure the functional integrity of the reconstituted mem

brane proteins, or later by tethering the membrane to the solid 

support by the functional transmembrane protein to be inves

tigated [31,32]. Based on these original concepts, many groups 

have since reported different tethered lipid bilayers either in pure 

form or with integrated polypeptides or large membrane proteins, 

Reviews: [33–38].

The large potential of tethered supported membranes as a 

generic bioanalytical platform became only evident from reports 

that demonstrate specific dose-dependent functional activation of 

reconstituted transmembrane proteins, such as membrane-inte

grated enzymes and transporters, GPCR-mediated signaling, and 

ligand-gated ion channels:

(i) In the case of membrane-integrated enzymes, Naumann et 

al. have shown in tethered membranes the reconstitution of ATP

ase activity for F0F1ATPase [29], proton transport and electron 

transfer for cytochrome oxidase [39] and proton translocation for 

H+ATP synthase [40].

(ii) A different approach to probe activities of membrane trans

port proteins was developed by Seifert et al. [41]: These authors 

used lipid monolayers on self-assembled thioalkane monolayers 

on gold surfaces onto which they adsorbed lipid vesicles with 

reconstituted membrane transporters. Although the state of the 

adsorbed vesicles was not totally resolved (flattened vesicles or sin

gle/multiple lipid bilayer sheet/s), the reported transient current 

measurements reflect transport processes of the reconstituted 

membrane proteins. This method has been optimized over the 

years for probing membrane transport processes of relevance in 

drug discovery [42].

(iii) A prototypical G protein-coupled receptor, rhodopsin, was 

reconstituted in patterned tethered lipid bilayers together with its 

G protein; activation of the receptor and its downstream G protein 

could be monitored in situ in a dose–response manner using 

surface plasmon resonance imaging [31,43]. These two reports 

are of general importance because they demonstrate that com

plex cellular signal transduction processes can be reconstituted in 

micropatterns of tethered membranes that serve as a platform for 

screening the function of GPCRs in a multiarray format. Because 

GPCRs represent the largest class of membrane proteins and are 

among the most important targets for therapeutical compounds, 

this biosensor approach opens new possibilities in drug screen

ing and for studying interactions between membrane proteins 

involved in complex cellular signaling reactions.

(iv) The dose dependent activation of ligand-gated ion channels 

have been measured in highly insulating tethered membranes on 

conducting electrodes for a number of native and artificial ion chan

nels. First, selective binding of an antibody to its antigen sequence, 

chemically ligated to the small peptide ionophore Gramicidin, has 

been shown to modulate sensitively the Gramicidin-mediated 

ion channel activity; this is the basis for a novel electrical immu

nosensor [44]. Second, the channel-forming protein OmpF from 

the outer membrane of Escherichia coli was reconstituted into 

tethered membranes on gold electrodes. The selective binding of 

a fragment of colicin N protein to the extracellular part of OmpF, 

determined by surface plasmon resonance (SPR), closed the chan

nel in a dose-dependent manner as monitored by simultaneous 

impedance measurements on the gold-electrode-tethered mem

branes and by complementary ion current measurements on BLMs 
[45]. This is to our knowledge the only case where modulation of 

ion channel activity in a native transmembrane protein has been 

demonstrated in tethered membranes. Third, a fully synthetic 

ligand gated ion channel (SLIC) was synthesized composed of four 

transmembrane, channel forming amphipathic segments, four N-

terminal antigenic (NANP)3 sequences and a hydrophilic branched 

polypeptide serving as a spacer between the C-terminal sulphur 

attached to the gold electrode and the lipid bilayer, which can be 

assembled around the central part of the SLIC. Selective binding 

of a monoclonal antibody against the extramembraneous NANP-

sequence revealed a concomitant modulation of the ion channel 

activity in an antibody concentration-dependent manner [32,46]. 

SLIC in tethered membranes on conducting electrodes offers a very 

versatile platform to detect sensitively an analyte of interest that 

can selectively bind to a molecular recognition element covalently 

ligated to the channel entrance and thereby capable to gate the ion 

channel activity of SLIC.

Our article concerns experimental details on recent surface 

sensitive electrical and optical techniques for investigating cellular 

signaling reactions in artificial and native membranes tethered to 

solid supports as outlined in Fig. 1.

The first part of our article describes the formation of planar 

artificial lipid bilayers on gold electrodes and their use for 

measuring the activity of ion channel proteins with impedance 

spectroscopy. An additional very promising development for the 

future is the possibility to combine the electrical impedance mea

surements with other surface sensitive techniques such as quartz 

crystal microbalance, SPR, SPR excited fluorescence or scanning 

probe techniques.

The second part of our article concerns a complementary 

approach to form planar membranes that are tethered to a solid 

support but in addition span (multi-arrayed) micrometer- to 

nanometer-sized holes machined in this support. Elsewhere, 

we have reported how to produce by electrophoretic self-posi

tioning across single holes totally solvent-free artificial planar 

lipid bilayers, which are ideally suited for reconstituting and 

measuring single ion channels by so-called planar patch-clamp

ing [47]. Here, we will describe the production of planar native 

membrane sheets across holes in the solid support and their use 

for optical and electrophysiological measurements. Because the 

native membrane sheets are plasma membranes detached from 

live cells, this approach offers a unique opportunity to access 

(adding active compounds or membrane components via the flu

idic phase, orthogonal modifying/labeling different membrane 

components) both the exo- and the cytoplasmic site of a cellular 

membrane under physiological conditions, which cannot be real

ized in a living cell. Because these planar membrane sheets can 

be probed by optical and electrical means, this opens new pos

sibilities to investigate cellular signaling processes with single 

molecule resolution.

2. Description of methods

2.1. Lipid membranes tethered to gold electrodes

Phospholipid bilayers chemically bound to gold surfaces are 

obtained by self-assembly of sulphur containing synthetic lipids. 

These so-called thiolipids are phospholipids comprising at their 

polar head groups a hydrophilic spacer, which is terminated by 

a –SH group (Fig. 1A) [28,43,44,48]. The hydrated spacer decou

ples the lipid bilayer from the gold surface. The resulting aqueous 

film between the electrode surface and the lipid bilayer has been 

designed to accommodate extracellular parts of transmembrane 

proteins. G protein-coupled receptors and ion channels have 

been reconstituted in a functionally active form into these gold 

supported lipid bilayers [31,32,43,45].
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Fig. 1. Cartoon illustrating the different configurations of supported membranes presented in this article. (A) Ion channel-containing lipid bilayer tethered to a working gold 

electrode via synthetic thiolipids. (B–D) Inside-out membrane sheets detached from living cells can be immobilized on various solid supports, such as (B) planar glass slides, 

(C) micrometer-sized beads, and (D) supports comprising nanopore arrays. Membrane properties can be investigated optically (A–D) or electrically (A,D).
2.1.1. Preparation of giga-ohm resistance membranes on 

millimeter-sized gold electrodes

Glass slides were cleaned by ultrasonication first in; 2% deter

gent solution (Hellmanex Hellma, Germany) and then in pure 

water. Electrodes of 1 mm diameter were prepared by vapour depo

sition of 50 nm thick gold films through a metallic mask on the 

glass under vacuum (5£10¡6 mbar). Adhesion of gold to the glass 

surface was improved either by deposition of an intermediate 

1 nm thick chromium layer or by silanization of the glass surface 

with 3-mercaptopropyltrimethoxy-silane. After cooling to room 

temperature, the gold-coated glass slides were transferred to a 

freshly prepared thiolipid solution (1 mg/mL) in buffer A (48 mM 

octylglucoside, 0.1 M KCl/sodium phosphate buffer at pH 7.4) for at 

least 1 h. During this incubation period, a thiolipid monolayer was 

formed at the gold surface. After washing the electrode covered 

with the thiolipid monolayer with buffer A, a second monolayer 

of phospholipids was formed as follows: the electrode was first 

incubated in a solution of 1 mg/mL phospholipids (e.g. POPC, DOPC 

or dPhyPC) in buffer A, which was then diluted stepwise below the 

critical micellar concentration (CMC) of the detergent [49].

In order to get highly insulating bilayers with membrane resis

tances close to 1 GX, overnight incubation in a solution contain

ing a thiolipid consisting of a single phytanoic acid coupled to a 

hydrophilic spacer was performed [46]. The lipid bilayer was then 

completed by a monolayer of dPhyPC/cholesterol (9:1) using the 

detergent dilution technique described above. Our concept to 

tether lipid bilayers via –SH terminated oligoethylene spacers to 

gold surfaces was since then also used by others to realize highly 

electrically insulating membranes on ultraflat gold surfaces [50].
2.1.2. Preparation of giga-ohm resistance membranes on 

micrometer-sized gold electrodes

Our rationale to form tethered membranes on microelectrodes 

is twofold. First, microelectrodes are expected to increase the time 

resolution of channel measurements. Second, individually address

able microelectrodes will allow the formation of arrays of self-

assembled tethered membranes with distinct composition, i.e. 

screening the function of different membrane proteins in a highly 

parallel format.

Here, we report on the production of micrometer-sized gold elec

trodes (Fig. 2) and their application for impedance measurements of 

tethered membranes. The use of glass as an insulating support (instead 

of silicon) and the miniaturization of the electrical connections were 

essential to reduce the stray capacitance of the working electrode 

below 10 pF, a prerequisite to allow impedance measurements of teth

ered membranes on electrodes as small as 50 lm in diameter.

A 50 lm window was photolithographically produced in a pas

sivation layer deposited on top of gold electrodes of 55 and 60 lm 

diameters. We used slightly oversized microelectrodes to compen

sate the photolithographic alignment limitations. The diameter 

reduction of the second type of microelectrode was intended to 

limit the parasitic capacitance produced by the underlying passiv

ated microelectrode periphery. The first microelectrode was con

nected with a 725-lm long and 10-lm wide gold track, while the 

smaller microelectrode was connected with a 500-lm long and 

6-lm wide gold track. Both connections widen up at 200 lm until 

reaching the contact pad after 2.6 mm (Fig. 2). The reduction of the 

surface between the two microelectrodes (500 lm track length) 

was estimated to reduce the parasitic stray capacitance by 40%.
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Fig. 2. (A) Photograph of a 50-lm disk gold electrode with its electrical connection track. (B) Scheme of top view and cross-section of a 50-lm microelectrode shown in (A) 

with narrow connecting track to a square pad (drawing is not to scale). These electrodes show very low stray capacitance due to (i) thick passivation layers, (ii) narrow con

necting tracks and (iii) the use of a glass support. The maximal length of the connecting tracks in the electrochemical cell was set to approximately 50 lm by an O-ring.
The microelectrode shown in Fig. 2 was fabricated using photo

lithography. Briefly, 70 nm thick gold disk electrode and track con

nection were patterned by a lift-off process together with a 50 nm 

titanium adhesion layer onto a 0.5-mm thick Pyrex glass plate. 

Different thin dielectric layers were deposited successively instead 

of producing one single thick passivation layer, in order to avoid 

the intrinsic stress of thick layers. 600 nm thick SiO2, 400 nm thick 

Si3N4 and 400 nm thick SiOxNy layers were deposited successively 

by plasma-enhanced chemical vapour deposition. The windows on 

the microelectrodes and on the connection pad were produced by 

photolithography. The three passivation layers were etched in 7:1 

buffered HF.

The gold microelectrodes were cleaned by local application 

of hot chromic acid (saturated potassium dichromate in concen

trated sulphuric acid) on the glass chip. Piranha solution (2:3 H2O2/

H2SO4) can be used instead of chromic acid. The electrodes were 

rinsed thoroughly with water, dried with a stream of nitrogen and 

sealed at the bottom of the cell by means of an O-ring. The elec

trodes were then left for 15 min in ethanol in order to remove the 

labile gold oxide and washed again with water. Tethered planar 

membranes were formed as described in Section 2.1.1.

2.1.3. Characterization of tethered lipid membranes by impedance 

spectroscopy

The real and imaginary parts of the impedance spectrum of 

a tethered lipid bilayer on a microelectrode in aqueous solution 

are shown in Fig. 3A. The data can be fitted by the equivalent cir

cuit depicted in the inset of Fig. 3A. The electrical parameters of 

the lipid bilayer membranes are classically modelled by a capaci

tance CM and a resistance RM in parallel. The capacitance describes 

the dielectric properties of the electrically insulating lipid bilayer 

sandwiched between two conductive phases, namely the gold 

electrode and the electrolyte. The resistance critically depends 

on electrically conducting defects in the lipid membrane. In the 

impedance spectrum, the intrinsic parameters of the lipid bilayer 

can often be separated from other elements of the electrochemi

cal cell such as the interfacial capacitance CI, the charge transfer 

resistance at the gold/electrolyte interface RCT and the electrolyte 
resistance RS [51]. From 18 measurements, we obtained a mem

brane capacitance value of 1.05 ± 0.20 lF/cm2, which was slightly 

higher than the value of 0.6 ± 0.1 lF/cm2 determined on larger elec

trodes [46,52]. This higher capacitance value may be explained 

by the influence of the stray capacitance of microelectrodes. The 

membrane resistance of tethered membranes on microelectrodes 

was in the order of RM = 10 GX. In Fig. 3A the membrane resistance 

is graphically obtained from the plateau of the real part of the 

impedance Zr in the frequency range between 0.1 and 1 Hz.

Fig. 3B shows the real part of the impedance spectrum of 

lipid bilayer membranes tethered to millimeter and micrometer-

sized electrodes. By optimizing the (thio)lipid composition, teth

ered lipid bilayers of RM = 2 £ 108 X have been obtained on 1 mm 

diameter gold electrode (Fig. 3B, dotted line), which was close 

to corresponding RM values of freestanding planar lipid bilayer 

membranes (BLM) used for classical single-channel conductance 

measurements [46]. Lipid bilayer membranes with low defect den

sities have been produced in order to increase the sensitivity of 

the impedance measurements and to suppress interference with 

non-specific adsorption.

The improvement of membrane resistance however increases 

also the time constant of the membrane RMCM and shifts the mea

suring range of the resistance to lower frequencies. The modula

tion of the membrane resistance should therefore be measured in 

the same frequency range with a low time resolution. The spectral 

shift of the plateau of Zr from 100 Hz to 10¡2 Hz with a 10,000-fold 

increase of membrane resistance is shown for a lipid bilayer on a 

1-millimeter-sized gold electrode (Fig. 3B, dotted vs. dashed line). 

A lower time constant was obtained by reducing the membrane 

capacitance using microelectrodes. While the capacitance value 

scales with the surface area, the resistance value of a tethered lipid 

bilayer depends primarily on the number and nature of the defects 

and does not follow a simple relation with the surface geometry. 

As a result, the time constant of the tethered lipid bilayer (unlike 

bulk material) depends on the electrode geometry. For this reason, 

we do not recommend to normalize measured values of the mem

brane resistance by the electrode surface area as often found in 

the literature. Here, we report on planar lipid bilayers tethered 
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Fig. 3. (A) Real (s) and imaginary (h) part of the impedance spectrum of lipid 

bilayer tethered to a 50-lm diameter gold electrode in 0.1 M KCl, 5 mM phosphate 

buffer, pH 7.4. 50 points were measured equally spaced on a log scale from 0.1 Hz 

to 20 kHz; every 5th point is shown, together with two additional points measured 

at 0.01 and 0.05 Hz. The charge-transfer resistance of the gold/water interface RCT 

and the resistance of the lipid bilayer membrane RM and of the electrolytic solu

tion RS are spectrally well resolved. CM and CI denote the capacitance of the lipid 

bilayer membrane and the interface, respectively. The electrical resistance RM of the 

bilayer can be obtained from the difference between the values of Zr in the plateau 

region (0.1–1 Hz) and at high frequencies. In the example shown the membrane 

resistance was RM = 10 GX. (B) Real part of the electrical impedance spectrum of a 

highly insulating tethered lipid bilayer on a 50 lm diameter microelectrode (contin

uous line) and on a 1 mm diameter macroelectrode (dotted line). 199 data points 

were measured equally spaced on a logarithmic scale between 0.1 Hz and 20 kHz 

together with five additional data points between 10¡3 Hz and 10¡1 Hz. The imped

ance spectrum of an electrically less dense tethered lipid bilayer with the molecular 

composition previously used for antibody binding to SLIC in tethered lipid bilayer 

[32] is also shown (dashed line). It is important to note, that for microelectrodes 

the plateau where the lipid bilayer resistance can be measured directly with little 

influence from other circuit elements is shifted to frequencies up to approximately 

10 Hz resulting in a 100-fold increase of time resolution.
to microelectrodes showing giga-ohm resistances, which can be 

measured at frequencies of several Hz with a time resolution of 

less than 1 s (Fig. 3B, continuous line). Recently tethered bilayer 

lipid membranes with giga-ohm resistances have been measured 

on gold microelectrodes from 8 to 4000 lm diameter insulated in 

a polyimide resist. The authors reported that the electrical mem

brane parameters were dominated by defects at the edge of the 

membrane [53].
2.2. Ion channels in lipid membranes tethered to gold electrodes

Different protocols have been developed to incorporate mem

brane proteins into membranes tethered to gold surfaces. Here

after, we will discuss the preparation of lipid bilayers containing 

the outer membrane protein OmpF or the synthetic ligand gated 

ion channel (SLIC). OmpF is a pore-forming protein from the outer 

membrane of Escherichia coli whose conductance can be modu

lated by binding the bacterial toxin Colicin N [45]. The SLIC mole

cule we used here comprises four peptides composed of (NANP)3 

sequences as highly specific ligand-binding regions and four mel

ittin peptide segments as membrane-spanning, channel-forming 

parts [32]; channel activity of the SLIC is modulated by binding of 

a specific antibody to (NANP)3.

2.2.1. Methods for incorporating ion channels in tethered lipid 

membranes

For inserting ion channel proteins and reconstituting their func

tional activity in tethered lipid membranes, we followed usually a 

two-step protocol developed in our laboratory for OmpF [45]. First, 

a mixed monolayer of thiolipids and a short-chain x-hydroxy- or 

carboxy-thioalkane was prepared by coadsorption of both compo

nents. The short-chain hydrophilic thiols were used to dilute the 

anchor-thiolipid molecules laterally and to prevent direct contact 

and thus denaturation of membrane proteins at the gold surface. 

Then, OmpF together with DOPC were self-assembled on the gold 

electrode to complete the tethered membrane. In more detail, the 

gold electrode was incubated overnight in a mixture of thiolipids 

and sulfanylpropionic acid at a molar ratio of 2:1. After washing, a 

solution of 0.5 mg/mL DOPC and 5 lg/mL OmpF in detergent was 

added for 30 min, followed by a stepwise dilution below the CMC 

of the detergent [45].

Detergent-solubilized membrane proteins can also be first 

bound chemically to the gold surface, followed by formation of 

a lipid bilayer around the proteins. The completed bilayer is teth

ered to the gold surface either only via the immobilized protein 

or in addition via thiolipids comprised in the lipid bilayer. For an 

oriented immobilization, membrane proteins typically comprise 

functional groups, which selectively bind to a complementary 

molecular partner on the gold surface. A number of different 

methods have been reported in this context [26,33,54]. Histidine 

tags have been used to bind ligand-gated ion channels to surfaces 

derivatized with nitrilotriacetic groups [55]. GPCRs have been 

immobilized in a functional active form via biotin-streptavidin 

interactions, introducing biotin site-selectively on extracellular gly

cosylation sites of the receptor [31].

In the following we concentrate on covalent immobilization of 

membrane proteins on gold via –SH of single cysteines engineered 

site-selectively into the protein. We have shown that this is a pow

erful strategy for two examples, a mutant protein of OmpF (OmpF-

E183C) [52] and a synthetic channel protein SLIC [32]. To avoid 

denaturation of the proteins, gold electrodes were first coated by 

a monolayer of a short x-hydroxythioalkane. SLIC and OmpF were 

then added from the bulk aqueous phase in the presence of deter

gent. Subsequently the bilayer was completed by adding a lipid-

detergent solution and diluting it below the detergent’s CMC.

Alternatively, ion channels such as SLIC and OmpF have also 

been inserted into a preformed tethered lipid membrane in anal

ogy to protocols used for BLMs (Fig. 4A) [46]. For reconstituting 

the proteins’ channel activities, the density of thiolipid tethers has 

to be properly adjusted. Since then, this strategy was also used 

recently by others for incorporating a-hemolysin into membranes 

tethered to gold electrodes [56].

The orientation of the incorporated protein is well controlled 

when it is bound selectively to the electrode via adequate inter

acting partners (as explained before). In the other cases, there is 
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no strict control of the orientation of the membrane proteins. Very 

likely, the asymmetry of our system (small reservoir between the 

electrode and the membrane) favors the outside-out orientation 

of proteins comprising a large extracellular and a small intracellu

lar part as in the case of OmpF. This was, however, never investi

gated precisely for supported membranes because proteins in the 

“wrong” orientation cannot be ligand-gated; they merely behave 

as passive proteins that do not affect the measurements at low 

concentrations.

2.2.2. Probing ion channel activity in lipid membranes tethered to 

gold electrodes

An unequivocal proof of the functional activity of reconstituted 

channel proteins in lipid bilayers is to show modulation of channel 

activity by changing external parameters like selective binding of 

active molecules in the case of ligand-gated ion channels, chang

ing the lateral membrane pressure in the case of mechano-sensi

tive channels or inducing a proper transmembrane potential in 

the case of voltage-gated ion channels. What is a stringent require

ment in the field of BLM and patch-clamp experiments, is unfortu

nately only rarely acquired in the case of channels in supported or 

tethered lipid membranes. Very often a comparison of the electri

cal resistance of two entirely different samples, one composed of 

pure tethered lipid membranes and the other separately prepared 

sample of a tethered membrane comprising the channel protein 

is taken to proof channel activity if the second sample shows a 

decreased membrane resistance. It is rather diffi cult to exclude 

in this way simple bilayer defects introduced by protein insertion 

from true ion channel activities. We have found only a few cases 

where ligand gating has been demonstrated in a clear and specific 

dose–response manner. The first report concerns the gating of 

Gramicidin channels in tethered membranes by antibody binding 
to a chemically modified Gramicidin carrying an antigen for the 

mentioned antibody [44]. Besides this elegant concept of immu

nosensing with small ionophores, we have found only two more 

cases where the resistance of tethered lipid membranes was mod

ulated in a dose response manner, one for OmpF [45] and another 

one for SLIC [32,46]. The electrical resistance of SLIC-containing 

lipid bilayers was shown to increase in the presence of nanomo

lar concentrations of the antibody Sp3E9 that has been designed 

to recognize the NANP sequence. Unspecific adsorption of IgG to 

these layers was found to be small and could be subtracted quan

titatively [32].

The incorporation of SLIC in a preformed tethered lipid layer 

was reflected in a drop in membrane resistance measured on the 

real part of the impedance at 0.01 Hz (Fig. 4A). Upon addition of 

SLIC in the aqueous phase the layer resistance decreases immedi

ately and saturates in about 30 min. The slow kinetics allows inter

ruption of the insertion process of the protein into the lipid bilayer 

by washing with buffer and thus keeping the number of SLIC mol

ecules in the membrane as low as possible in a controlled way. 

Selective antibody binding to SLIC in the lipid bilayer increases the 

membrane resistance as a function of the concentration of the anti

body Sp3E9 in the aqueous phase (Fig. 4B). Taken into account a 

conductance of 90 pS measured in freestanding black lipid mem

branes, the observed responses correspond to the incorporation of 

200 open SLIC channels and the total closure of 95 channels in the 

tethered lipid bilayer [46]. With the presently achieved signal-to-

noise ratio it will be possible to detect the closure of a few individ

ual channels.

Ligand binding can also be measured in combination with other 

techniques. The interaction between the R-domain of colicin N 

with OmpF containing lipid bilayers has been measured by conduc

tance measurements in black lipid membranes and by impedance 

spectroscopy and SPR in tethered lipid bilayers. A good agreement 

between the dose–response curves obtained with these techniques 

was obtained (Fig. 5).

2.3. Impedance spectroscopy

Electrical impedance spectroscopy can be performed in several 

ways [57]. The data presented here have been obtained by using 

a 2-phase-channel lock-in amplifier such as SR 850 from Stan

ford Research Systems. Sinusoidal voltages of 10 mV amplitude 

(root-mean-square) were applied to the electrochemical cell by 
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the internal function generator in a programmable automated fre

quency sweep. The currents in phase and 90° out of phase with the 

applied AC voltage are directly recorded on the two channels of the 

lock-in amplifier and a highly accurate phase-sensitive detection 

was performed digitally. Our set-up included a home-built cur

rent-to-voltage converter with a gain of 104 to 107 and the lock-in 

amplifier measured the input voltage. An additional external func

tion generator or a DC offset can be used. The measurement of 

highly electrically insulating layers required the use of high and 

low amplification gains at low and high frequencies of the imped

ance spectrum, respectively.

An impedance spectrum will include contributions from the 

whole electrochemical cell, i.e. the electrodes, the interfaces and 

the electrolyte. It is good practice to minimize the effect of all ele

ments except the working electrode. Therefore, a large (ca. 1 cm2 

effective area) and highly conductive counter electrode should be 

used. If the electrolyte contains chloride ions, an AgCl-coated Ag 

wire is recommended. High concentration of electrolyte (usually 

KCl 7 0.1 M) decreases the effect of the electrical resistance of the 

aqueous phase and of the interfacial capacitances. Under these 

conditions, the impedance of a small working electrode coated 

with an electrically insulating lipid layer will dominate the spec

trum. An electrochemical system with two electrodes is suffi cient 

because only a negligible current will actually flow through the 

Ag/AgCl electrode.

2.4. Inside-out cell membrane sheets supported on planar supports

Various procedures have been developed to immobilize inside-

out membrane sheets (the inner leaflet of the cell membrane is 

exposed to the solution) on planar surfaces. These include the 

rupture of adherent cells by sonication [58] and lysis [59], or the 

spontaneous fusion in the case of erythrocytes [60]. Recently, we 

showed that large membrane sheets (>100 lm2) can be detached 

from the plasma membrane of adherent living cells and trans

ferred onto planar glass surfaces [61,62]. These supported native 

cell membranes offer interesting novel possibilities for investigat

ing the lateral distribution of membrane proteins and lipids, and 

their mutual interactions during biochemical membrane processes 

by ensemble and single molecule fluorescence techniques; in the 

case of activation of channel proteins, the planar membranes are 

ideally suited to combine fluorescence with planar patch clamp 

experiments [61–64].

2.4.1. Preparation of membrane sheets

Human embryonic kidney (HEK-293) cells were grown in DMEM-

F12 medium in six-well plates pre-incubated with 0.1 mg/mL solu

tion of poly-l-lysine (PLL) in PBS for 1 h. Highest yield of large mem

brane sheets was obtained using cells at 30–40% confluence. Cleaned 

and dried 0.17 mm glass coverslips were treated by oxygen plasma 

(Harrick, plasma cleaner) for 15 min, incubated with 0.1 mg/mL PLL 

in PBS for 20 min and washed with PBS. HEK cells were rinsed with 

PBS and pressed with a PLL-coated coverslip for 3–4 min to create 

good contact between the upper membrane of the cells and the glass 

surface. Care was taken to avoid lateral movement of the coverslip 

during application and removal in order to prevent damage or detach

ment of membrane sheets. In some experiments, the cells were cov

ered with deionized water prior of being sandwiched between the 

glass plates. The glass coverslip was then removed ripping off the 

upper cell membranes, washed with PBS and mounted on a measure

ment chamber filled with PBS.

2.4.2. Protein labeling

Cell membrane sheets were prepared from HEK cells expressing 

various representative membrane proteins involved in important 

signal transduction pathways: the a1b-adrenergic receptor (a1b-
AR) [61] and the neurokinin-1 receptor (NK1R) [64] as prototypical 

G protein-coupled receptors (GPCRs), G proteins as membrane-

anchored proteins [62], and the serotonin type 3 receptor (5HT3R) 

as a representative of ligand-gated ion channels (LGICs) [61,64]. Dif

ferent labeling strategies have been used in order to characterize 

the proteins with fluorescent techniques: (i) the fusion to autoflu

orescent proteins, (ii) fluorescent analogues of ligands, (iii) fluores

cent antibodies binding to selective epitopes on the target protein. 

The NK1R was genetically fused at its intracellular C-terminus with 

the green fluorescent protein, yielding the fusion receptor NK1R-

GFP [65]. Each of the five subunits of the homopentameric 5HT3R 

was labeled with a cyan fluorescent protein (CFP) inserted into the 

cytoplasmic loop, yielding the 5HT3R-CFP, as described elsewhere 

[66]. The synthesis of the fluorescent analogue of the 5HT3R-spe

cific ligand GR-Cy3 was previously described [67].

2.4.3. Confocal imaging

The measurement chamber was placed on the stage of an 

inverted scanning confocal microscope (LSM510, Zeiss) equipped 

with a 63 £ water immersion objective of 1.2 NA and 240 lm 

working distance (Zeiss). Measurements were done at room tem

perature using the pinhole at 2 Airy units. Fluorescence signal 

intensities were evaluated using Zeiss LSM software.

2.4.4. Accessibility and functionality of integral membrane proteins

Fig. 6A and B shows typical inside-out membrane patches of HEK 

cells expressing the 5HT3R-CFP. The composition of the original cell 

membrane is preserved as well as the fluidity of both membrane leaf

lets [61]. As illustrated in Fig. 1B, the orientation of membrane pro

teins relative to the surface is controlled by our procedure of transfer

ring membrane sheets: the extracellular membrane leaflet is facing 

the support, while the cytoplasmic leaflet is exposed to the bulk aque

ous phase. The accessibility of the cytosolic side of the receptors was 

demonstrated by labeling an intracellular recognition element (an 

autofluorescent protein or a FLAG-tag) with specific antibodies conju

gated to a fluorescent dye [61,63]. Moreover, the lateral diffusion of 

cytosolic membrane-anchored G proteins could be monitored at the 

single molecule level [62]. These results show that supported mem

brane sheets are suited to investigate internal membrane processes 

with advanced biophysical techniques.

Investigating signal transduction mediated by membrane recep

tors such as GPCRs or LGICs in the supported cell membrane sheets 

requires also an unrestricted access to the extracellular binding 

site for ligand molecules. With the a1b-AR, the related antagonist 

prazosin (and its fluorescent derivative prazosin-Bodipy FL) and 

agonist epinephrine are membrane permeable, which allowed 

the conduction of ligand binding experiments and revealed the 

functionality of immobilized GPCRs [61]. However, the ability of 

a compound to cross the cell membrane depends on its physico-

chemical properties and in most cases the permeability is limited. 

As shown in Fig. 6B with cell membrane sheets containing the 

5HT3R-CFP, addition of the fluorescent derivative of the antagonist 

GR-Cy3 leads to a crown-like labeling of the patches. This result 

indicates that only the binding sites of the peripherical receptors 

are accessible and that the fluorescent ligand cannot diffuse across 

the cell membrane in the time range of the experiments (»1 h). In 

the presence of excess agonist quipazine the fluorescence signal 

disappears demonstrating the binding specificity. Similar labeling 

properties were observed with immobilized NK1R [63].

2.5. Inside-out cell membrane sheets supported on micrometer-sized 

beads

Micrometer-sized beads (polystyrene, latex, glass, silica, mag

netic) are versatile templates for immobilizing biological objects, 

since they can easily be modified to carry different chemistries on 
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Fig. 6. (A,B) Confocal fluorescence microscope images of cell membrane sheets immobilized on a glass slide. (A) The membrane patches show fluorescence of the fusion 

protein 5HT3R-CFP expressed at the plasma membrane (excitation 458 nm/emission >475 nm). Scale bar: 10 lm. (B) After incubation with the 5HT3R-specific ligand GR-Cy3, 

only the receptors located at the periphery of the membrane sheets were labeled (excitation 543 nm/emission >560 nm). (C–F) Confocal fluorescence microscopy of plasma 

membrane-coated beads settled on a glass slide. The hydrophobic dye C18-Cy5 was used for visualizing the cellular plasma membrane coating the beads (excitation 633 nm/

emission >650 nm). Scale bars: 50 lm.
their surface. A wide variety of applications including immunoas

says, affinity assays, DNA hybridization assays and protein–protein 

interactions at suspended or surface-immobilized beads have been 

developed since many years. Bead isolation techniques have been 

employed for plasma membrane purification providing a rapid 

tool for protein and phospholipid composition analysis [68–71]. 

For these applications, cultured cells were tightly attached to pos

itively charged beads and disrupted to produce patches of plasma 

membranes whose cytoplasmic surface was exposed and acces

sible to the solution. Aiming at downscaling GPCR activation and 

downstream signaling analyses on beads, we improved existing 

procedures for preparing plasma membrane-coated glass beads.

2.5.1. Coating glass beads with cellular plasma membranes

A number of protocols have been proposed to isolate cell plasma 

membranes on glass [68], polyacrylamide [69], or DEAE-sephadex 
[70] beads. We prepared glass beads coated with inside-out plasma 

membranes from HEK cells by using a previously described proce

dure for cell attachment and removal [71] including some modifica

tions. The time-consuming and costly procedure to create positive 

surface charges on the glass beads [68] was replaced by a rapid treat

ment reducing the whole procedure to 1 h. Acid-washed glass beads 

(6106 lm, Sigma) were treated by oxygen plasma for 1 min to acti

vate the surface and incubated in 0.1 mg/mL solution of polylysine for 

10 min under gentle shaking. Polylysine-coated beads were washed 

three times in low-ionic strength and isotonic buffer (attachment 

buffer: 140 mM sorbitol, 20 mM sodium acetate, pH 5). Live HEK cells 

were gently pelleted and resuspended in attachment buffer. A 50% 

(v/v) suspension of positively charged beads were added dropwise 

to the cells and incubated for 10 min under gentle agitation. The cell-

attached beads were then washed three times in attachment buffer 

to remove unbound cells, followed by three-time washing in PBS pH 
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Fig. 7. (A) Scanning electron micrograph of the chip cavity and the free-standing 

silicon nitride film at the bottom. Scale bar: 100 lm. Inset: Schematic view of a 

silicon chip. (B) Scanning electron micrograph of a 5-lm lattice array of 500-nm-

sized holes fabricated in a 500-nm thick silicon nitride film. Scale bar: 5 lm. Inset: 

Scanning electron micrograph of a single hole after tilting the sample to allow an 

obstructed view of the walls. Scale bar: 200 nm.
7.4. Disruption of cells and isolation of plasma membranes on beads 

were performed by vigorously vortexing the tube for 10 s to disperse 

the beads, followed by 20 s bath-sonication. Cytoplasmic organelles 

and debris were removed by washing three times the beads with 

PBS. Finally, the beads coated with patches of plasma membranes 

were stored at ¡20 °C. Attachment of cells and isolation of mem

branes were carried out on ice.

2.5.2. Imaging cell membrane sheets on beads by fluorescence 

microscopy

Plasma membrane-coated beads were settled on a 0.17-mm 

glass coverslip and analyzed by confocal microscopy in PBS at room 

temperature. Addition of the membrane dye C18-Rho revealed the 

presence of cell membranes on the bead surface (Fig. 6C–F). No 

labeling was observed on the polylysine-coated beads harvested 

prior addition of cells (data not shown). The efficiency of cell adhe

sion and rupture is revealed by the high yield of labeled beads, 

the nearly completely covered surface per bead and the absence of 

cells remaining attached to the beads. Plasma membrane-coated 

beads could be stored at ¡20 °C or kept at 4 °C in PBS for days with

out loss of surface coverage, demonstrating that membranes are 

firmly attached to the beads. Because microcarrier beads can easily 

be transported and manipulated, our technique provides an ideal 

tool for miniaturization of functional assays down to the single 

bead level for probing interactions between membrane receptors 

like GPCRs and cytoplasmic effector proteins such as G proteins, b-

arrestins and kinases. Moreover, functionalized microbeads can be 

trapped optically in a micro-array format for parallel bioanalysis of 

ligand binding or membrane receptor activation.

2.6. Hybrid supported/suspended cell membrane sheets across 

nanoapertures

In order to extend pharmacological studies of cell surface recep

tors on supported membranes, new technologies are required to 

overpass the limitation of membrane permeability for extracellular 

compounds. Our strategy of immobilizing cell membrane sheets 

on planar supports structured with arrays of submicrometer sized 

apertures (Fig. 1D) provides full accessibility to the intra- and extra

cellular sides of the membranes suspended across the holes [64].

2.6.1. Fabrication of the nanopore chips

Free-standing (100 £ 100 lm2) 100 nm, 200 nm and 500 nm 

thick low stress SixNy supports were fabricated using standard 

procedures such as low pressure chemical vapor deposition, pho

tolithography, and anisotropic KOH etching. The SixNy film was 

then covered by photoresist and the nanopores were subsequently 

opened by electron-beam lithography and reactive ion etching. 

Finally the photoresist was removed by oxygen plasma. Focused-

ion-beam (dual beam Nova 600 NanoLab, FEI Company) was also 

used for producing multi-aperture devices [72]. Patterns of 10 £ 10 

and 20 £ 20 apertures with diameters of 100 to 600 nm and arrayed 

in 2 lm or 5 lm lattices have been fabricated with the above-men

tioned techniques (Fig. 7).

2.6.2. Treatment of the silicon chips

After 1 h immersion of the chips in isopropanol, the organic sol

vent was replaced by deionized water. Water was then degassed by 

purging with argon for 30 min to remove air bubbles that might be 

entrapped in the nanopores. The chips stayed immersed in water 

overnight. Prior to the experiment, the chips were incubated for 

20 min in a degassed aqueous solution of 0.1 mg/mL PLL and then 

washed with PBS. After each experiment, the chips containing cellu

lar membranes were first washed with deionized water and isopropa

nol, and remaining organic contaminations were removed by oxygen 

plasma treatment for 15 min.
2.6.3. Preparing the hybrid supported/suspended plasma membranes

The general procedure for preparing hybrid supported/sus

pended cell membranes is the same as that described before for pro

ducing purely supported plasma membrane sheets on planar glass 

plates. After transferring the cell membrane sheets across the aper

ture arrays, the silicon chip was mounted into a polydimethylsilox

ane chamber comprising a microchannel for exchanging fluidics. 

The horizontal configuration of the device and the narrow bottom 

channel were designed for enabling fluorescence microscopy with 

short working distance objectives.

2.6.4. Characterization of cell membrane sheets on nanoapertures

Cell membrane sheets with areas larger than 100 lm2 can regu

larly be deposited onto the aperture arrays. Yields of transfer were 

higher for apertures with diameters <500 nm and separated by 

5 lm. A typical example of an immobilized cell membrane sheet 

containing the NK1R-GFP is shown in Fig. 8. The periodic arrange

ment facilitates the localization of the nanopores covered by the 

membrane sheets. No alteration of the membrane fluorescence 

due to the presence of the apertures was detected within the spa

tial resolution of the confocal microscope (Fig. 8D). Intact hybrid 

supported/suspended planar cell membranes could be observed 

over days after transfer showing the long-term stability of the 

system. In addition, we demonstrated the accessibility to both 
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extracellular and intracellular surfaces of suspended membranes 

at the bottom of the nanopores by targeting membrane constitu

ents side-specifically with fluorescent markers [64].

3. Conclusion and outlook

We reported here on recent electrical and optical techniques 

for investigating cellular signaling reactions in artificial and native 

membranes immobilized on solid (perforated) supports. Special 

emphasis was given to ionotropic and G protein-coupled receptors. 

Highly insulating tethered lipid bilayers on gold electrodes enable 

to electrically address the dose dependent activation of ligand-

gated ion channels with well-defined membrane composition. 

Complementarily, native membranes isolated from living cells can 

be immobilized in a well-controlled orientation on microbeads 

and porous supports for exploring the reactivity of membranous 

components in their supramolecular environment. We believe that 

these technologies open new directions for investigating biologi

cal membranes, screening compounds for their capabilities to influ

ence cellular membrane processes and in turn using membranes 

or membrane proteins as biosensors for detecting analytes. A few 

tempting possibilities are outlined in the following.

3.1. Tethered membranes with giga-ohm seals on gold electrodes

(1) SPR has been already used in combination with impedance 

measurements to probe the binding of choleratoxin to its ganglio

side membrane receptors and its subsequent membrane insertion 
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Fig. 8. (A–C) Confocal fluorescence images of native membrane patches derived from H

to a silicon microchip structured with 200 nm apertures arrayed on a 5-lm quadratic la

nel, while native membrane sheets are characterized on the fluorescence channel (exci

fluorescence channel (gray) and the transmission channel (black) between the two arr
[46], and in the case of OmpF to monitor ligand binding and chan

nel activity [45]. It would be interesting to combine electrical 

impedance measurements with other optical techniques such as 

Fourier transform infrared (FTIR) spectroscopy using gold-coated 

attenuated total reflection elements [73]; FTIR protein spectra 

would deliver information on conformational changes of channel 

proteins during activation [74].

(2) Another challenging approach would be to measure on teth

ered planar membranes simultaneously structural changes of and 

ion current flow across individual channel proteins by scanning 

probe techniques using for example electrically conducting canti

levers [9]. Scanning probe techniques such as atomic force micros

copy offer atomic resolution of conformational changes during 

channel activation.

(3) Impedance spectroscopy would be also suited to detect acti

vation of GPCRs. The activation of a GPCR by an external signal is 

very often followed by the activation of a ligand-gated ion channel 

in the downstream signaling cascade, which could be sensed by 

impedance spectroscopy. The prerequisites to realize a functional 

bioassay based on impedance spectroscopy are (i) to coexpress the 

corresponding GPCR with its downstream activatable ion channel, 

(ii) to transfer and tether the native cellular plasma membrane to 

the working gold electrode, and (iii) to use membrane permeable 

(hydrophobic) GPCR-activating ligands. Especially the last require

ment is fulfilled in the case of odorant receptors: most of the active 

odorants are hydrophobic molecules. We therefore are confident 

that this biosensor concept will be ideally suited for the construc

tion of an artificial nose.
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ows depicted in (C). The dashed line indicates the edge of the membrane patch.
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3.2. Future directions for cell membrane sheets on solid supports

(1) Optical (fluorescence) microscopy/spectroscopy offers pos

sibilities to detect molecular reactions with single molecule reso

lution at, in and across cell membranes. For this approach we will 

use in the future a zero-mode waveguide configuration compris

ing apertures of subwavelength dimensions in a metal film [75]. 

Such a device is also suited for planar patch-clamp measurements 

to detect electrically single ion channel activities and monitor 

simultaneously conformational changes of the protein channel by 

fluorescence techniques [47,76–78]. Because the native membrane 

sheets across apertures can be accessed both from the exo- and 

from the cytoplasmic site it is possible to label different membrane 

components with distinguishable probes using novel orthogonal 

labeling techniques [79–82] and thus follow complex biochemical 

networks (extracellular part might be labeled in the living cells, 

intracellular regions after detaching membranes across the aper

ture). Of interest might be also the possibility to reconstitute signal

ing pathways by inserting lipid-anchored signaling proteins, such 

as G proteins [83] to the cytoplasmic side of the planar membrane 

sheet.

(2) Scanning probe techniques such as atomic force microscopy 

offer possibilities to monitor in situ the transduction of external 

signals across the cell membrane in terms of protein structural 

changes and lateral organization [84].

(3) Attaching living cells across nanopore arrays in solid sup

ports offers the possibility to dispense locally activating com

pounds with (sub)micrometer sized lateral distribution to probe 

signaling reactions at different regions of a live cell.

(4) Our approach offers also possibilities for novel biosensing 

concepts using multiarrays of a large variety of cells and cellular 

organelles due to the long-term stability of planar native mem

branes. Many different cell sorts and/or receptor proteins might be 

probed simultaneously thereby either on supports or free-floating 

using multiple laser tweezers [85].
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