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Impact of new technologies for cellular
screening along the drug value chain
Clemens Möller and Mark Slack
Evotec AG, Schnackenburgallee 114, 22525 Hamburg, Germany

High-information screening formats, using more physiologically relevant cellular models and readout
approaches, are slowly replacing traditional, target-orientated approaches in drug discovery programs.
With improved access to primary cells, as well as label-free, non-intrusive methods of compound
interrogation (such as automated electrophysiology), high-thoughput screening facilities have to adapt
to more complex assay scenarios. The implementation of novel cellular systems, readout technologies
and data management in a drug discovery company are essential to improve the current falling
productivity evident in recent years throughout the pharmaceutical industry.

Introduction
Under intense pressure to improve on drug pipelines and reduce
the attrition associated with screening ‘the high hanging fruits’
and new post-genomic targets, a general overhaul of the established drug discovery philosophy is now evident. Indeed, the
disappointing productivity [1–3] witnessed over the past decade
in terms of new chemical entities approved and new drug targets
has lagged far behind the development of new technologies and
progress in understanding in disease biology. In this context, a
whole variety of buzzwords are evident, such as ‘systems biology’
and ‘translational medicine’. Each of these terms attempts to
define the search for novel chemical matter, not in a ‘one gene
– one drug’ manifestation but in terms of the whole organism. In a
wider context, this drug developmental strategy is slowly being
mirrored with a general change in thinking in terms of assay
development.
The original ‘one target – one drug – one effect’ pharmacological
profile is now generally accepted as an oversimplistic model. This
is giving way to a growing appreciation for the need to study the
interaction of small compounds with their respective targets in the
more complex native environment.
Analysis of a modern day drug discovery and development
company predominantly shows a typical mix of biochemical
and cell-based assays used in the hit finding stage. Such systems
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are generally artificial in their composition, in terms of either the
buffer composition and protein source or the nature and origin of
the cellular expression system. Retrospective analysis of highthroughput screening (HTS) campaigns will show that the majority of these were based on the use of fluorescent probes or reporters
as indirect readout technologies. Although these methods are
universal and straightforward to apply to a diverse target base,
such systems are open to their fair share of artifacts (or irrelevance) and have to be queried in terms of the ability to report all
hit populations. Indeed, over the past several years, there has been
a slow acceptance that such systems can be biased in the hit
populations that they ultimately identify; thus, screening teams
are now looking at new methods and technologies that can
remove this bias and present the target in more physiological
systems. To that end, we see two major areas of innovation: the
use of primary and human stem cells as research tools for compound screening and the implementation of direct biophysical
techniques for the study of membrane receptors and ion channels
in particular.

Stem cells
Probably no other area is currently experiencing so much interest
and expansion as that of stem cell technologies. Over the past few
years, an explosion in application and basic understanding of
these rudimentary cell populations has been evident. Indeed, at
the time of writing, a large number of stem cell programs are close
to entering into clinical trials (www.clinicaltrials.gov). From a
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FIGURE 1

Differentiation of neuronal stem cells toward oligodendrocytes. Neural stem cells are differentiated, by the addition of platelet-derived growth factor, toward
oligodendrocytes. Using an automated confocal imaging reader, the detection of oligodendrocyte markers (O4, red) and myelin-basic protein (MBP, green) can be
quantified. Cell nuclei are stained with Draq5 (blue).

clinical standpoint, the emphasis for the majority of these programs has been on allogenic applications in a disease background,
administering modified stem cell populations into patients to
alleviate symptoms. It is currently too early to say how successful
these approaches will be, but for some of the approaches, early
indications look promising [4,5]. In the context of modern drug
discovery, stem cell technologies have the potential to offer
unlimited amounts of unique cell populations, expressing disease-relevant targets in disease-relevant tissue types. Stem cell
applications can thus be divided into two main branches: first,
direct clinical application in symptomatic patients, and second,
novel tissue types for drug development in HTS paradigms. Irrespective of either approach, the supply of fully differentiated and
functional cell populations is often limiting and incomplete, and
lack of detailed and efficient protocols has inclined researchers to
address this bottleneck via HTS approaches [6–8]. Using neurospheres as a model, Liu and colleagues were able to screen more
than one million compounds. The identified molecules were subsequently shown to differentiate neural stem cells into distinct
neuronal lineages or maintain them in a proliferative state. The
implementation of high-content screening (HCS) technologies in
this context has been essential, and at Evotec, we are utilizing the
Opera HCS platform with a selection of stem cell assays for HTS
purposes (Fig. 1). Using a similar approach, a small compound was
identified that can direct the in vitro development of stem cells
toward insulin-expressing beta cells [9], which opens the door for
future drug development programs in the field of diabetes.
Difficult ethical issues are associated with the generation of and
access to suitable human embryonic stem (hES) cell lines. Landmark investigations have shown that it is possible to induce the

reversal of somatic-tissue-derived cell lines into stem cell populations, termed ‘induced pluripotent stem cells’ (iPS) [10]. These
have been shown to be similar in their phenotype and epigenetic
status to ES cell lines but, importantly, show subtle differences in
their gene expression profiles [11]. The sudden availability of stem
cell populations from affected patients via iPS technologies now
enables the directed differentiation and production of cell types
normally affected in the same patient population [12,13], such as
dopaminergic neurons in Parkinson’s disease or striatal neurons in
Huntington’s patients. Indeed, Ebert et al. [14] were able to successfully develop iPS cells from skin fibroblasts isolated from a
child suffering with spinal muscular atrophy and subsequently
develop a subpopulation of these into motor neurons that retained
the disease phenotype. Such cells are a valuable resource for novel
approaches in the treatment of these diseases and can be applied to
drug discovery cascades. Although a variety of iPS cell lines are
now available, these are often produced from different cell lineages
via the application of different protocols. Perhaps unsurprisingly,
these cell lines – although similar in their pluripotency potential –
show significant differences in their ability to generate teratomas
in vivo [15]. In addition, in an effort to increase the normal low
efficiency of the iPS process, many groups are using dysregulation
of the gatekeeper function of p53. The apparent increase in iPS
efficiency comes at a price, however; namely, the increased likelihood of taking potentially mutagenic mutations through to the
final iPS cell line [16,17].

HCS
The term ‘high-content screening’ has developed from a combination of advancements in automated microscopy and software
www.drugdiscoverytoday.com
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applications aimed at detailed image analysis. Unlike standard HTS
approaches, in which one readout (e.g. luminescence, fluorescence
or absorbance) is used to address one target or effect, high-content
approaches, by definition, can address multiple readouts simultaneously [18]. The high information content delivered offers the
investigator the opportunity to obtain a variety of parametric data
sets on an individual compound basis, which, in turn, enables more
informed decisions to be made. The enormous benefits that such an
approach can offer do not come without a price, of course. To
achieve maximum leverage from the immense data set, a comprehensive understanding of the underlying biology and concepts on a
whole-organism level are paramount [19,20]. Indeed, in applications of HCS to human stem cell populations and systems biology,
efforts are being made to establish the entire complex of signaling
pathways and how they interact to govern stem cell development
[21]. Although this information is extremely important, the complexity that this reveals cannot be translated to modern day drug
discovery in simple terms.
Although HCS is, at present, mainly reserved for an HTS supporting role, it is widely used in the setting of target validation and
hit qualification [22,23]. In a hit finding scenario, the potential of
this technology to identify novel chemical matter in complex
signaling pathways has been demonstrated, and HCS is starting
to enjoy growing precedence as a forefront HTS technology [24–
26]. Not unexpectedly, an HCS application can alleviate bottlenecks in the drug discovery cascade for protein targets and complexes that achieve their mechanism of action via cellular
redistribution (either within the cytoplasm or from one organelle
to another, such as nuclear import and export), which cannot be
accessed via other technology platforms [27]. G-protein-coupled
receptor (GPCR) drug development, a mainstay of pharmaceutical
productivity, has also benefited via the addition of HCS to an
already comprehensive assay suite. In recognition of native GPCR
signaling and cell-dependent signal trafficking, HCS enables the
assessment of ligand activation to various key pathways in parallel
[28,29], aiding in the selection of compounds for further medicinal
chemistry optimization.
In a pharmaceutical company, despite the examples above,
most data sets acquired by HCS groups are used to address offtarget mechanisms of compounds with emphasis on preliminary
toxicity or to understand mechanism of action [30]. Using eight
different parameters covering various aspects of nuclear morphology through to membrane integrity and mitochondria membrane
potential, Abraham et al. [22] were able to develop an HCS assay
format in a HepG2 cell line that could effectively support lead
optimization through predictive toxicology. Further developments concerning toxicity profiling have seen HCS taking advantage of primary cell cultures including human hepatocytes [31]
and neurons with the development of neurite outgrowth assays an
indicator of potential neurotoxicity [32]. There is currently a
general movement toward the use of primary cell systems for drug
development and discovery, and these are being adapted to the
HCS field to deliver more physiological data sets and provide
access to new disease models [25,33,34].
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was influential in the original hit identification process, will show
that the described assay (whether biochemical or cellular in nature) encompassed the use of reporter systems for the target in
question. Such approaches mostly require the use of fluorescent
dyes or reporter gene constructs and the manipulation of cells,
which can often influence or bias the subsequent target pharmacology. In addition, for the same cell-based assays, the selection of
the cell line for expression of the target has been based more on
habit and technical feasibility (e.g. HEK293 and CHO) than disease
relevance. This, no doubt, will have contributed to the subsequent
lack of efficacy for some of these compounds in later in vivo testing.
Recognizing the influence that such artificial systems can have on
signaling cascades and correct target expression and physiology, the
use of so-called ‘label-free methodologies’ is currently gaining
increased importance. In a cellular context, two principle technologies are evident, based first on changes in electrical impedance
across a cell monolayer after functional interaction with a ligand,
and second on the refractive index changes or resonance waveguide
grating. The second approach detects small changes in refracted
light upon conformational changes at the solution substrate interface. These principle technologies and others are reviewed elsewhere [35,36]. Although these technologies offer the ability to
investigate receptor signaling in more physiologically relevant cell
backgrounds, with endogenous expression, the nature of the signal
is firstly unspecific. Any compound or ligand that produces a mass
redistribution within the cell coupled to a morphological change
will be identified as a hit irrespective of the target. To realize the full
potential of these technologies, an in-depth pharmacological
understanding of the target and a comprehensive toolbox of validation compounds are necessary to specifically assign the observed
signal to the target of choice.
Label-free approaches have yet to make it as a mainstay HTS
platform. There are various factors contributing to this, including
the instrument and reagent cost and, in particular, the difficulty in
procuring a sufficient supply of primary cells to make the label-free
approach more meaningful than the use of recombinant engineered cells. Nevertheless, they are widely employed in the areas of
hit expansion and understanding the mechanism of action, as well
as in target validation. Akin to HCS approaches, label-free can
deliver high-content data for a variety of cellular events. Using an
impedance-based platform, Jahnke and colleagues have recently
been able to specifically follow the intercellular hyperphosphorylation of Tau protein implicated in the development of Alzheimer’s disease. The positive effects of small compounds on reducing
this effect could also be efficiently monitored and quantified [37]
and could be verified via other approaches. Probably the area of
greatest exposure for label-free technologies has centered on the
characterization of GPCR signaling cascades and compound testing [38,39]. Additional examples demonstrate the possibility of
simultaneously tracking the effects of various compounds on the
multitude of pathways activated by receptor tyrosine kinase (such
as EGF) [40].

Label-free drug screening employing cellular assays

Ion channel screening
Patch-clamp electrophysiology provides a direct readout of ion
channel function

A historical analysis of drug development programs over the past
decades, where compound screening using an in vitro assay system

Ion channels are generally considered an underexploited target
class (e.g. Ref. [41]). With manual patch-clamp electrophysiology
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[42,43], which is generally referred to as the ‘gold standard’
method of investigating ion channel function, a functional readout of ion currents that provides a direct insight into the function
of ion channels is possible. Such a direct biophysical measurement
of protein function is not available for other target types, although
the major disadvantage of this method of observation has traditionally been the extremely low throughput of manual patch
clamping. A direct functional screening of a larger number of
compounds has, therefore, until recently not been possible, and
electrophysiology had been limited to being a follow-up technique
to indirect (e.g. fluorescence- or ligand-based) high-throughput
screening techniques.

Automated patch-clamp electrophysiology – current and future
With the advent of automated patch-clamp electrophysiology
approximately five years ago, this major bottleneck in ion channel
research has been alleviated. However, the high cost per data point
screened and the still relatively low throughput and efficiency of
these devices still represent hurdles for primary screening by
automated patch clamping.
The first generation of automated patch-clamp instruments
merely focus on the parallel formation of the high-resistance seals
between a substrate and the cell and are able to automatically
establish the recording conditions, apply required voltage stimulation protocols to the cells being studied and deliver test solutions
to the cells. Instruments of the first generation are summarized in
Table 1. Currently, second-generation automated platforms are
available to the ion channel researcher. In addition to the features
of the first-generation formats, further developments have
improved not only the throughput but also data consistency
and quality. Some instruments have achieved the increase in
capacity via parallelization (e.g. Sophion QPatch HT, 48 channels).
A development that has additionally increased the success rate of
patch robots is the measurement from an ensemble (a population)
of cells simultaneously at one recording site [44]. In these secondgeneration-type instruments, each individual recording well has
numerous holes that can potentially generate a seal with a cell and,
thus, each amplifier records from a number (a population) of cells,
automatically averaging their currents. Linear leak currents from

REVIEWS

non-occupied holes are subsequently corrected. In this way, the
overall success rate for the patch-clamp planar technology is
greatly improved and biological variability between individual
cells (e.g. poorly expressing cells) is averaged out. It has also been
shown that this technique enables multiplexing using different
cell types (e.g. two different targets being expressed and patch
clamped simultaneously) [45]. Molecular Devices (now MDS) were
the first to introduce this technique under the name Population
Patch ClampTM on the second-generation IonWorks, termed IonWorks Quattro. Each well has 64 holes, thus achieving an overall
patch success rate of nearly 100%. On the success of this, other
companies introduced similar techniques on their machines or are
close to launching such instruments, including Sophion (QPatch
HTX as a further development of the QPatch HT, 48 channels),
Cellectricon (Dynaflow HT) and Fluxion Biosciences (IonFlux, 64
recordings in parallel). Interestingly, data from the QPatch HTX
with a fluid exchange time below 10 ms have been shown, which
makes this instrument suitable to record from and screen ligandgated channels including P2X3 and the fast-desensitizing nAChR
a7-channels in high throughput [46].
Additional modifications have addressed the accelerated delivery of test solutions to the recording site, enabling the investigation of fast-desensitizing ligand-gated ion channels. Cellectricon
are offering a chip-based laminar flow system called Dynaflow Pro
as an add-on to manual patch-clamp rigs. This simplifies the
solution exchange in manual patch clamping and is considered
of particular advantage for automated recording of concentrationresponse curves and for recording from fast-desensitizing ligandgated ion channels. Cellectricon are currently engaged in collaboration with AstraZeneca, employing their know-how with laminar-flow solution control, to develop an automated planar-chipbased patch-clamp system [47]. The current design is based on a
chip with simultaneous measurement of six cells per fluid delivery
position, enabling rapid solution exchange, suitable to automatically record from fast-desensitizing ligand-gated ion channels.
Other advances in increasing the throughput in ion channel
drug discovery include ‘lab-on-a-chip’ approaches, which introduce a fluid delivery and recording system on a chip, enabling
electrophysiological readouts from cells [48]. A different approach

TABLE 1

Automated patch-clamp platforms
Instrument

Number of channels: total/parallel read

First-generation instruments
PatchXpressW
16/16
IonWorks HT
384/48
QPatch 16
16/16
Port-a-Patch
1/1
PatchLiner
16/2, 4 or 8
PatchBox
1/1
FlyScreen 8500
3–6/3–6
Second-generation instruments
QPatch HT
48/48
IonWorks Quattro
384/48
QPatch HTX
48/48
SynchroPatch 98
98/16
IonFlux-16
96/16
IonFlux HT
384/64

Company

Remark

Axon, now MDS
Essen instruments, now marketed by MDS
Sophion
Nanion
Nanion
Flyion
Flyion
Sophion
MDS
Sophion
Nanion
Fluxion Biosciences

Only low-resistance seals

Population PatchTM
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to increase the information content in electrophysiological
recordings is being followed by microelectrode array (MEA)
systems, which enable the recording of electrical activity of, for
example, neuronal and cardiac tissue [49]. The continuous
improvement of the technology and the cell culture protocols
associated with MEAs has made this a versatile technique being
potentially closer to in vivo conditions than plain single-cell
preparations.
Reviews  POST SCREEN

Target-based screening by automated patch-clamp
electrophysiology
The improved success rates of existing automated patch-clamp
electrophysiology robots, together with ever-increasing parallelization on patch-clamp chips and improved parallelization of
individual experiments, has made the screening of large compound collections more feasible. Focused libraries have been
screened in the size of tens of thousands of compounds on the
IonWorks [50], and we ourselves routinely perform ion channel
profiling of up to 20 000 cpds using the IonWorks Quattro, in a
time frame of a few weeks.
The direct functional screening of libraries on voltage-gated ion
channels can be expected to provide a major breakthrough for
pharmacological research on several ion channel targets in the
near future. Voltage-gated sodium channels, for example, have
recently gained particular interest as targets for the treatment of
pain [51,52]. The local anesthetic binding site of this channel type
is sensitive to several small molecules, which have traditionally
yielded high hit rates in other (e.g. fluorescence-based) highthroughput screens. Because of the high conservation of the local
anesthetic binding site between several sodium channel subtypes,
however, these hits have so far suffered from low subtype selectivity. Consequently, marketed sodium channel drugs are rarely
subtype selective and suffer from potential side-effects stemming
from their activity on the whole complement of sodium channels.
Some functional selectivity governed by a strong state- or usedependence has so far been achieved, as opposed to pure pharmacological selectivity. We (and others) suspect that the high hit rate
from traditional non-functional screens has masked compounds
acting on less conserved binding positions. Binding sites located at
the voltage paddles, which have recently been shown to provide
subtype-selective binding positions for toxins [53], could thus
become attractive, less conserved binding positions for selective
sodium channel blockers. It can be speculated that a direct functional electrophysiological screen of diverse libraries on a sodium
channel subtype could provide novel starting points for interesting chemistry, potentially yielding pharmacologically subtypeselective sodium channel blockers.

Selectivity and safety profiling by automated patch-clamp
electrophysiology
One of the major applications of patch-clamp electrophysiology in
the pharmaceutical industry in past years has been selectivity
testing against the cardiac human ether-a-gogo-related (hERG)
ion channel. This ion channel has a major role during the repolarization of the cardiac action potential, and it is well established
that dysfunction or blockade of this ion channel can lead to
potentially lethal arrhythmias of the torsades de pointe type
(for a recent review, see e.g. Ref. [54]). Several drugs had to be
388
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withdrawn from the market because of their potential to induce
this type of arrhythmia by a blockade of the hERG ion channel,
which has, therefore, become a major concern in drug discovery
and development. Consequently, regulatory guidelines now
require compounds to be tested on hERG interactions during
preclinical testing. Traditional patch clamping has not been able
to deliver the throughput of compound testing on hERG required
during preclinical development cycles and, thus, hERG tests have
been one of the first major beneficiators of automated patch
clamping in the pharmaceutical industry [55–59]. Although medicinal chemistry iteration cycles involving automated patch-clamp
hERG tests have become a standard in many drug discovery
programs, other mechanisms for cardiac side-effects are being
increasingly understood, and assay systems that deliver more
relevant high-content safety information, in addition to pure
hERG effects, are being sought after. Relatively straightforward
is the set-up of assays for off-target testing against the major
cardiac ion channels (particularly NaV1.5, CaV1.2, Kv4.3/KChIP2,
KCNQ1/KCNE1, Kv1.5 and Kir2, besides hERG) on automated
patch-clamp devices. A more novel approach that is still evolving
is the use of stem-cell-derived cardiac myocytes in safety pharmacology and patch-clamp electrophysiology [60,61]. Protocols to
differentiate stem cells into cardiac myocytes have been developed
(e.g. Refs [62–64]) but still seem technically challenging, particularly on a large scale. Such protocols will, we hope, in the near
future, provide a nearly unlimited source of homogenous cardiac
myocytes, which can be used for electrophysiology [63,65,66].
Recently, the first stem-cell-derived cardiac myocytes (albeit from
mouse) have been applied to automated patch clamping, and
action potential recordings from these cells have been shown
(http://www.nanion.de/pdf/Port-a-Patch_Cardiomyocytes.pdf).
The suitability of these for safety pharmacology investigations
needs to be addressed further, however.

Atomic force microscopy in drug discovery and
development
Atomic force microscopy (AFM) is arguably one of the most
exciting recent developments for life science research. Invented
in 1986 as a further development of the scanning tunneling
microscope, the heart of the instrument is an atomically sharp
tip attached to a sensitive cantilever [67]. By scanning a surface
with the tip and monitoring the force between the surface and the
tip, the instrument enables one to visualize surfaces of biological
specimens (e.g. whole cells as well as their components) [68], in
buffer conditions at high resolution. Even more attractive is the
possibility of resolving substructures of individual membrane
proteins [69], their interactions with the environment [70] or
the effects of agents on their intermolecular interactions [71].
Besides imaging, AFM offers the possibility of measuring interand intramolecular forces at the nanometer scale [72,73]. Employing functionalized AFM tips, specific interactions of single molecules with the surface of living cells can be probed. In addition,
cells have been used to functionalize AFM cantilevers, allowing
cell adhesion to surfaces to be probed [74] (specifically, the adhesion between two cells [75]).
In another application, by using the AFM probe as an indenter at
the micro- and nanometer scale, Stolz and coworkers have probed
the elasticity of healthy and diseased cartilage on a functional level
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microfluidic surface patterning for, for example, cell cultures.
Nanotechnology methods related to AFM are, thus, becoming
valuable additions to the drug discovery and development
toolbox.

Concluding remarks
In the face of declining productivity, pharmaceutical companies are
assessing and integrating new technologies into their drug discovery
and development platforms to reduce final drug attrition rates. A
major approach is to assess target function in a cellular background
that more closely reflects the target tissue with processes that more
closely mimic the (patho)physiological state of the target. Modern
screening platforms now encompass a variety of different readout
technologies filed to the target in hand and represent a distancing
from earlier, more indirect readout approaches.
At present, the impact of such strategic changes on productivity
remains difficult to assess. It will become more evident as preclinical programs advance into clinical trials. Over the coming
years, it will be interesting to monitor the effect of the introduction of these new and exciting approaches within the pharmaceutical industry and justify the increased R&D spent [1,78,79]. In a
continuation of the governing philosophy, we are certainly set to
see the routine implementation of these and other new and
emerging technologies.
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[76,77]. Excitingly, early changes of osteoarthritis disease onset
were only detectable at the nanometer scale. Compared with
standard methods, such as histology staining or micron-sized
indentation testing, this tool might speed up the testing of compound effects against osteoarthritis in model systems.
HTS has been a major driving force in past years in drug
discovery at most pharmaceutical and many biotechnology companies worldwide. Most often, as discussed above, the required
increased throughput is achieved by parallelization of readout
technologies. Currently available commercial cantilever-based
atomic force instrumentation, such as the JPK/nAmbition’s ForceRobot1 200/500, promise to deliver greater than 80 000 force
curves of individual molecules per 24 hours in unattended operation, with automatic variation of recording conditions such as
temperature or loading rate, from a single cantilever. This instrument offers the particular advantage of simplifying the setup and
calibration of an experiment with an individual cantilever, without the need for an experienced AFM operator. However, an
instrument capable of high-throughput compound screening by
a parallelized AFM technique is apparently not yet commercially
available, although companies have successfully introduced AFMrelated nanotechnology systems positioned to address the requests
of drug discovery research. This includes the Nano eNablerTM
technology by BioForce Nanosciences, a system that enables the
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