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Abstract The study of membrane proteins as prime drug
targets has led to intensified efforts to characterize their
structure and function. With regards to the structural analysis
of membrane proteins, there have been considerable technological innovations in cryo-EM and X-ray crystallography,
but advancements in the elucidation of membrane protein
function, especially on a single-molecule level, have been
struggling to bridge from basic science to high-throughput
applications. There is a need for advanced biosensor platforms
allowing membrane protein-mediated transport and potential
suppressor libraries to be characterized. Membrane proteins
facilitating the translocation of non-electrogenic substrates
particularly suffer from a lack of such techniques to date.
Here, we summarize recent developments in the field of
membrane protein analysis, with a special focus on
micro- and nanostructured platforms for purpose of highthroughput screening using fluorescent read-out systems.
Additionally, their use as novel biosensor platforms to elucidate non-electrogenic substrate translocation is
described. This overview contains 82 references.
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Technological progress in the field of membrane protein
research over the last decades focused on the advancement
of research on protein function and transmembrane processes
in general. Next to structural approaches, the functional characterization of membrane proteins is in particular important
due to their potential as drug targets. Understanding and characterizing the mechanisms behind membrane protein activity
is the most basic requirement for the development of new
drugs specifically targeting this class of proteins.
More than fifty percent of all drugs prescribed today
target membrane proteins [1, 2]. This fact underlines their
importance for basic and applied research. Yet, the number
of novel drugs approved for market release is constantly
declining because of high research and developmental
expenses and low success rates of potential drug targets
[3–5]. Factors leading to this shortcoming are for instance
the difficulties and technological deficiencies in the study
and screening of membrane proteins, including receptors,
transporters, channels, and enzymes. Despite their obvious
importance, it is still difficult to prepare membrane proteins in
pure and functional state and to obtain sufficient quantities
necessary for drug discovery approaches. Substantial efforts
have therefore been made in the development of techniques to
investigate the function of membrane proteins with the final
goal of creating high-throughput screening platforms.
Studies on membrane protein function and transport
processes across the membrane barrier struggle with the
complexity of native cell membranes. Techniques such as
patch clamp are able to directly record ion channel activity
in cell membranes or membrane patches [6–8]. However, this
method is usually limited to single or sparse numbers of channels at a time. In addition, only ionic fluxes can be recorded.
Recent developments have been demonstrated to overcome
the limited number of channel recordings per experiment.
Techniques such as whole-cell patch clamp or automated
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patch clamp enable systematic screenings for effectors [9–12],
but by design this method can still only target proteins
translocating ionic substrates.
Alongside the patch clamp methodology, a multitude of
biosensor techniques have been developed to implement
membranes and membrane proteins into feasible devices.
These approaches intend to achieve functional membrane
assays at single-transporter level, necessary for drug
screening applications and especially important when
studying transporters with low turnover numbers and
non-electrogenic substrates. Nevertheless, these in vitro systems need to be transferable from the laboratory basic research
background to an industrial environment in the end, requiring
(i) the ability to be automatable for screening applications, (ii)
the use of sparse amounts of membrane protein, which is
laborious to isolate, and (iii) the preparation of long-lasting
artificial or native-like membranes with high confidence by
inexperienced users that allow to perform single- or multiple
experimental rounds without losing the sensor interface.
Various platforms for the analysis of membrane protein
function and transport processes have been established in
different designs. Besides patch clamp, the most widespread
method to analyze ion channels includes lipid membranes
spanning apertures between two aqueous compartments, so
called black lipid membranes (BLMs). Although a successful
technique in ion channel research and, by using triblockcopolymer membranes, even applicable for the study of
protein facilitated gas transport [13], the shortcomings of
this technique are the instability of the membrane (lifetime
of only a few minutes to hours) and the requirement of
organic solvents.
Recent developments to solve the stability issue of BLMs
imply the designed edging or size reduction of apertures
[14–16] as well as novel membrane interfaces lacking an
aperture [17–21]. The latter approach uses droplet interface
bilayers. Here, a high degree of automation and parallelity,
a prerequisite for high throughput studies, has been
achieved using liquid handling robots or microfluidics
[22, 23]. Another approach to increase BLM stability was
to encapsulate bilayers into hydrogels. This has proven a
feasible method to significantly increase bilayer lifetime,
making BLMs a more robust sensor platform [16, 24, 25].
Nevertheless, the remnants of organic solvents in the
BLMs, even in trace amounts, may still hinder the integration of most medically relevant, but simultaneously fragile
membrane proteins.
In comparison to afore mentioned methodologies, surface
based biosensors such as solid-supported lipid bilayers (SLBs)
offer an inherent stability and straightforward membrane
assembly [26–33]. Their solid-support however is at the same
time their main drawback. The limited space between the lipid
bilayer and the solid support restricts the functional incorporation and the study of membrane proteins possessing non-

membrane-integrated, hydrophilic domains. The minimal
aqueous reservoir between the bilayer and the underlying
support also restricts the transport of solutes and ions to the
proximal side of the membrane. Substrate saturation is rapidly
reached, making it very difficult to record electrochemical
gradients or transport substrate accumulations [31, 34]. Methodological advances in this field enable the establishment of
solid supported membranes (SSMs) on electrode substrates,
allowing for electrochemical measurements of inserted membrane proteins [35–40]. Other approaches achieved the
decoupling of the bilayer from the underlying solid support,
creating so-called tethered lipid bilayers [34, 41–43]. The created space provides incorporation and unrestricted diffusion of
membrane proteins, but the aqueous reservoir is still too small
to monitor ion or solute transport for longer periods. Further
increase of proximal membrane space is possible, using polymer cushions or hydrogels as originally described by
Sackmann and Tampé, but their preparation is cumbersome
and functional studies are sparse [44–47].
Technological solutions to avoid the membrane/support
interface problem include native vesicles or large unilamellar
vesicles (LUV) immobilized on a sensor chip surface
established by Stamou and Vogel [48–50]. These nanocontainer arrays are already being used as nano-reaction chambers [51, 52], giving single-molecule biophysics researchers a
versatile miniaturized toolbox for in vitro assays to study biological processes. Membrane transport processes and signal
transduction cascades have been proposed as potential research
targets, using the vesicle array technology. It provides a native
interface for membrane proteins and can be imaged in a highly
parallel manner [53]. A model study demonstrating a successful approach is currently under investigation by Stamou and
co-workers. A successful proof-of-concept would drastically
increase the applicability of the vesicle array concept towards
membrane translocation studies.
Until now however, none of the previously mentioned approaches conjugates all necessary features to study membrane
proteins in a highly parallel manner and in a single as well as
robust platform [54, 55]. Efficient and feasible techniques for
screening applications have to combine convenient handling
of membrane formation in a solvent-free environment, membrane stability, and possibly even robustness for commercial
applications. Membrane proteins need to be readily insertable
and imageable with high sensitivity using either fluorescent or
electric readout. Chip arrays are desirable for screening
applications as they provide multiple, independent sensing
spots in a miniaturized platform, enabling multiplexed
sensing and parallel screening via automated readout systems. Finally, the technological platform of choice needs to
be cost-efficient compared to already existing, but less informative methods.
To date, a single platform combining all above-mentioned
desired features for membrane biosensors is still needed.

Highly Parallel Biosensors for Membrane Translocation Studies

Advances in the field of SSMs in combination with nano- and
microfabrication techniques however provide a promising approach for the study of membrane transport processes.
Micro- and nanoporous sheets or chips bring the fluid
membrane interface of black lipid membranes together
with the stability of solid supported membranes [32, 56].
Porous supports provide a predominantly solid supported
platform. The pore-spanning membrane areas constitute
the sensor interface of these platforms, utilizing the transfer of established SSM techniques onto this platform. Both
the proximal and distal side of the lipid bilayer are accessible
for analysis employing pore-spanning membranes, while
their stability is significantly increased through the reduction of aperture size to the nanometer range. Lipid bilayers
spanning these nano-apertures have been formed by the
Langmuir-Blodgett technique [57], solvent spreading
[58], giant unilamellar vesicle (GUV) rupture [59, 60], or
LUV fusion and spreading [61–63]. In contrast to the
Langmuir-Blodgett technique and solvent spreading,
pore-spanning membrane formation through vesicle rupture has the advantage of being a self-organized process
with reliable preparative success resulting in solvent-free
membranes. The decreased sensor interface dimensions enable higher parallelism of created biosensor platforms for
electrogenic and non-electrogenic substrate detection [7,
61, 64–67]. Fluorescence read-out for the analysis of membrane transport processes circumvents the challenging task
of further miniaturizing electrical read-out systems.
Nanoporous sheet platforms facilitate the investigation of
transport across a membrane barrier between two compartments [68]. Multiple pore-spanning membrane areas contribute in this case to a cumulative translocation effect. This
approach however does not allow for single transporter studies, as multiple membrane proteins will be located at the porous sensor interfaces. In contrast, nanoporous chip platforms
[14, 61, 69–74] avoid this problem. Developments in this field
have been made using aluminum oxide [69, 74, 75] or silicon
substrates [60, 61, 76], creating ordered arrays of nanopores.
These compact pore arrays are covered by large areas of continuous bilayer membrane. The array design hereby provides
m u l t i p l e p a r a l l e l s i g n a l r e a d o u t po i n t s . M o d e r n
microstructuring techniques allow a precise control of solidstate nanopore dimension and arrangement. This becomes
important when using multiple sensor substrates in a single
experiment or if results have to be reproduced for validation. Experimental conditions, including chip surface and
pore properties, have to be reproduced exactly. Consistent
quality over multiple production rounds is also a prerequisite for later-on biosensor certification, if used in pharmacological studies.
Recently developed nanoporous substrates demonstrated
increased sensor interface stability. Long lasting bilayers spanning micro- and nano-apertures [64, 77] have been produced.

In addition, multiple studies have shown that reduction of
aperture size and variations in shape are key features in membrane persistence [16, 61, 78]. Compared to microporous supports that rely on pore-spanning membrane formation via
painting techniques or rupturing of giant unilamellar vesicles
(GUVs), membranes spanning nanopores can be established
using large unilamellar vesicles via vesicle rupture and fusion
[62]. The benefit of the latter approach resides in the fact that it
needs no solvents and allows a straightforward application of
membrane proteins reconstituted into LUVs onto the chip surface, which is one of the limiting factors to date.
Further developments of this approach include the design
of micro- and nanopore array chips with underlying
microcavities [60, 79, 80]. The benefit of these arrayed chips
lies in their defined size of the reaction chamber, which specifies the starting conditions via the confinement of a welldefined volume. Read-out of these systems is facilitated via
fluorescence, either by pre-loading of the cavities with a
fluorophore and subsequent monitoring of the efflux of the
dye or via fluorescent changes of ion- or pH-sensitive dyes
inside the cavity triggered by substrate translocation (Fig. 1).
Enzymatic reactions depending on substrate translocation
into the cavities and subsequent activation of a fluorophore
can be anticipated, but has not been demonstrated yet. The
fluorescent read-out provides the foundation of this
technology’s parallelism and, using multi-spectral dyes,
even multiplex capability. Yet, it simultaneously means
the restriction of this approach: the membrane protein of
choice is a viable candidate for analysis only if a direct or
indirect fluorescent read-out system for the translocation
process can be established. The vast amount of labeled,
modified, coupled, or substrate depending fluorescent
probes spanning the entire spectral regime however provides a rich toolbox to overcome this restriction.
Several approaches already successfully deployed a
fluorescent read-out system for the highly parallel study
of transmembrane processes using this system. The poreforming toxin α-hemolysin [61], the mechanosensitive
channel of large conductance MscL [64], or the proton
transport by the F0F1-ATP synthase [81] were investigated,
demonstrating the ability of this approach to create high
sampling rates due to its parallel and multiplex design,
which constitutes a prerequisite for screening applications.
An additional profit of nanoporous array chips is the direct
application of proteoliposomes to the system, providing
their compatibility with most often fragile active transporters. This protein class can especially benefit from this
methodological advance, as their most often nonelectrogenic transport substrates are not compatible with
electrical read-out systems. Further improvements of aluminum oxide or silicon-based chips are so-called glass
bottom array designs, where imaging is conducted via
inverted air microscopy. Next to its high parallel mode
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Fig. 1 Principle and design of micro-structured glass bottom chips. A
Microstructured chips in multi-well sample holders facilitate complete
separation of individual chips. The reaction volume is accessed from
the top, while data acquisition occurs from below. In combination with
motorized microscopes, this setup enables the parallel screening of
several chips. B Stochastically, only a single membrane protein locates
in the pore-spanning region of the membrane across a nanopore forming
the biosensor interface. Protein-mediated translocation of a substrate can

be followed via fluorescent change. C Chip production can be achieved
on wafer scale. Approximately 1150 individual chips are fabricated from
each wafer with identical properties and quality. D/E Chips possess cavity
volumes in the femtoliter range and pore diameters ranging from 60 to
1000 nm, depending on the chip type. F Nanoporous chip designs possess
pores in the lower nm range (60–120 nm). Reprinted, with permission,
from [64, 66]

and multiplex capacity, this approach takes advantage from
straightforward automation. Motorized microscope setups
in combination with contact free air microscopy, as already
established for industrial cell culture screening applications, can be readily adapted to the novel sensor platforms.
High-throughput membrane translocation studies have
been successfully demonstrated for α-hemolysin [61] and
MscL protein-mediated translocation [64], viral capsid
membrane fusion and cargo release [66], and cell penetrating peptide membrane traversing studies [82], utilizing
glass bottom array chips in combination with an automated
microscope setup. All of these studies prove the capability
of the system to perform highly parallel screening applications with a resolution at single protein or event level,
respectively, and thousands of sampling points. Future
work will aim at expanding the spectrum of target proteins
analyzed on nanopore-spanning membrane chips or arrays,
as more complex systems like tripartite transporters and
primary as well as secondary active transporters are now
within reach.
Surface based sensor platforms appear to be an upand-coming candidate for the development of functional
transmembrane protein activity measurements on the
single-molecule level. This technology has the potential to
achieve a developmental level making it compatible for
screening applications desperately needed in the creation of
next generation pharmaceuticals. Platforms using micro- and
nano-structured surfaces as sensor interface have taken

significant advancement to become a leading technology in
the biosensor field. Specifically targeting membrane proteins
translocating non-electrogenic substrates inaccessible to most
other techniques, they use fluorescent readout to achieve
highly parallel data acquisition. Multiple applications have
shown the viability of these systems in the characterization
of gradually more complex membrane protein facilitated
translocation systems. The next phases are the systematic
expansion of targets and applications onto these platforms
and the first realization of inhibitor screens in combination
with automated imaging systems. Further steps to
completely bridge from basic to applied research will then
be the development of sophisticated software tools to most
efficiently analyze the accumulating data, as current systems still rely on the manual evaluation and analysis.
Besides the technological advancements of this platform,
such are the limiting steps holding back the true power of
this approach. This correlation between technological
development and data analysis capabilities has already been
witnessed in other life science fields, where major breakthroughs always coincided with the simultaneous development of novel software standards to rapidly handle increasing
amounts of data most efficiently. The integration of advanced
biosensor platforms with improved analysis tools and the continuous extension of applications will hold the key to advance
micro- and nanopore technologies towards one of the leading
biosensor platforms in basic and pharmaceutical science
working on membrane proteins.
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