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Abstract

The field of microfluidics or lab-on-a-chip technology aims to improve and extend the possibilities
of bioassays, cell biology and biomedical research based on the idea of miniaturization.
Microfluidic systems allow more accurate modelling of physiological situations for both
fundamental research and drug development, and enable systematic high-volume testing for
various aspects of drug discovery. Microfluidic systems are in development that not only model
biological environments but also physically mimic biological tissues and organs; such ‘organs on a
chip’ could have an important role in expediting early stages of drug discovery and help reduce
reliance on animal testing. This Review highlights the latest lab-on-a-chip technologies for drug
discovery and discusses the potential for future developments in this field.

Drug discovery typically investigates interactions between a lead compound (for example, a
potential drug) and a target (for example, a protein, cell membrane or whole cell)®. It usually
requires the adaptation of chemical environments to allow the interaction between a lead
compound and target to take place; that is, it ensures the accessibility of interaction sites in
addition to preventing unwanted adsorption. Effective drug discovery relies on multiple
levels of qualitative and quantitative results, including simple ‘yes’ and ‘no’
characterizations, affinity constants for drug—target interactions and kinetic rate constants.
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The requirement for multiple read-outs places a heavy burden on the testing methods used,
as drug discovery typically requires the testing of millions of different chemical
combinations. A high-throughput system for handling this large number of samples must be
parallel and utilize small chemical volumes to keep the cost of development at an affordable
level. The current trends to miniaturize, automatize and parallelize assays address these
issues directly while simultaneously increasing resolution and accuracy. These
improvements are fuelled by the rapid compound development in combinatorial chemistry,
thus demanding new methods with even higher throughput.

In this context, microfluidic devices are showing promise as new and influential players?.
These small platforms are also termed micro total analysis systems (WTAS)3# or “labs on a
chip’. They have historically been made from silicon and/or glass using semiconductor
processing techniques; soft lithography has recently enabled their fabrication from polymers.
Microfluidic systems may contain channels, valves, mixers and other building blocks with
typical sizes on the order of tens of micrometres.

Microfluidic technologies have the unique ability to integrate biosensor technology with
microscopy-based read-outs. In combination with automated imaging systems possessing
high-throughput capabilities and new data processing and storage strategies, microfluidics
provides new tools for highly parallel, multiplexed assays with a higher information quality
(BOX 1). Furthermore, microfluidic devices provide the possibility to isolate, purify,
manipulate and transport particles, biomolecules, bacteriophages, cells or even organisms for
a simplified, parallel analysis. Although microfluidics may still be a maturing discipline,
microfluidic devices and systems are already being used in many different stages of drug
discovery and development®S.

More fundamentally, scaling laws predict that molecular assays with very small volumes are
advantageous in terms of throughput. This is related to molecular diffusion mass transfer
(Fick’s law), heat dissipation, multiplexing (arrays) or the surface-to-volume ratio. A tenfold
reduction in size should lead to a 100-fold increase in the time to result in molecular binding
assays. In addition, this leads to a 100-fold increase in the number of assays that can be
placed on a given area, resulting in a throughput that is 10,000 times higher and should give
identical quality results. Fundamentally, a microwell plate-based assay format at individual
volumes of 1 picolitre should yield a throughput of up to 2,500,000 independent chemical
reactions per second and square centimetre. Academic research has provided numerous
results to prove such scaling laws; however, just a small fraction of proven methods have
made it into commercially available instrumentation. It seems obvious that conventional
robotics will not yet be able to provide millions of compounds per second, and it is
questionable how urgently such a high throughput is actually needed.

An earlier review® on the same topic in 2006 concluded that “some challenges still remain...
before microfluidic platforms can be used to adapt or replace existing assays”, especially
mentioning standardization and adaptation of biological assays to the micron scale.
Apparently this has not happened yet, and it is interesting to speculate on the reasons for
this. We can identify four possible reasons: economic, psychological, legal and technology-
related.
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First, previous investments in large-scale robotics and the microwell plate format make it
necessary to adapt chip technology to it rather than replace it. High-efficiency chip
instrumentation would make instrument manufacturers see their market volume (and profits)
shrink, and therefore they are not inclined to adopt it. Second, end users are generally
conservative and a low risk of failure is a high priority, therefore they rely on well-
established instrumentation. In this regard, it is no surprise that it will take another
generation of biologically trained scientists to get ahead in this field. Likewise, it is worth
considering how long it took for the microwell plate, the XY robot or fluorescence
resonance energy transfer (FRET) detection to move from first being mentioned in the
scientific literature to being accepted in high-throughput screening laboratories. Third, a few
important patents were in the hands of only a few companies and were aggressively
enforced. For example, any array of microfluidic manifolds and any kind of ‘PCR on chip’
or ‘electrophoresis on chip’ technologies were broadly covered by such patents, and
prevented a widespread application of, for example, a 96-well adaptation of microfluidic
electrophoresis assays by other companies. Last, of course there are still a few bottlenecks
left with regard to technology and science. Challenges include interfacing submicrolitre
volumes from the conventional laboratory to the chip. The smallest volume that can be
manually pipetted is 100 nl, whereas some microfluidic procedures require a volume as
small as 1 pl. Another problem is avoiding air bubble formation on reusable chips, or the
fundamental incompatibility of very low (and very potent) molecule concentrations and very
small volumes.

Here, we focus on a set of recently developed microfluidic techniques that facilitate high-
throughput analysis and review their applications in biological systems that are relevant to
drug development. We also provide an outlook into microfluidic approaches to modelling
biological environments and systems, including specific examples of tissue culture
techniques, ‘organs on a chip’ and ‘organisms on a chip’

Microfluidic techniques

For applications in chemistry or biochemistry, the main microfluidic standard operations
include sample preparation, injection (metering), valving, pumping, fluid mixing and the use
of reactors, separators and detectors for the identification and quantification of analytes.
However, more recently the focus has shifted towards biological applications. A few notable
examples are discussed below.

Microfluidic patch-clamp techniques.

Patch-clamp techniques for measuring currents across ion channels in cell membranes are
essential tools in drug discovery. However, the conventional patch-clamp techniques using
glass micropipettes are cumbersome and have a low throughput. To overcome these
drawbacks, Tang et a/.” and Chen et a8 presented chip-based patch-clamp devices that were
designed to study ion channels in living cells. Tang et a/. used a lateral patch-clamping
approach in a standard 1,536-well microplate format that is compatible with standard high-
throughput systems. Moreover, the lateral approach allows the method to be easily integrated
into robust microfluidic devices that can administer the unique spatiotemporal doses of a
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drug. The hybrid device consisted of a silicon chip integrating 12 glass capillaries to
immobilize and patch the cells, and a polydimethylsiloxane (PDMS) layer bonded to the
chip with an array of defined holes. Electrophysiological measurements were carried out in
parallel using up to 12 captured cells of a rat basophilic leukaemia cell line.

Droplet microfluidics.

Among many microfluidic techniques used for drug discovery, droplet microfluidics® has
emerged as a powerful tool in biochemical operations because it requires only pico- to
nanolitre sample volumes. In these systems, droplets or plugs can be generated by
immersing aqueous samples in a water-immiscible carrier medium, such as a hydrophobic
compound or gas. However, fine control of the size, shape, frequency and monodispersity of
the droplets still attracts a considerable amount of attention for reliable, high-throughput
assays. To improve droplet formation, hydrodynamic methods!®-14 (FIG. 1A,1B) use
channel geometry and fluid flow characteristics to control the generation of droplets. These
designs all depend on shear forces in fluids, which are dictated by the channel’s
hydrodynamic properties (such as the geometry, flow rate and viscosity), to generate
droplets. Electrohydrodynamic technologies have also been used for droplet formation,
where an electrical signal through integrated electrodes is used to control droplet properties.
Electrowetting, for example, uses an electrical signal to induce fluidic wetting, causing the
formation of a short liquid cylinder. After the signal is switched off, the channel reverts back
to its hydrophobic nature and the cylinder forms a droplet that breaks off from the
reservoirl®. Dielectrophoresis can similarly pull droplets from a fluid reservoirl6-18 (FIG.
1C). Thermocapillary actuation1®20 (FIG. 1D), acoustic actuation?1-24 and valve-based
systems25-26 (FIG. 1E) can also be used to create and manipulate droplets.

Droplet microfluidics has many attractive characteristics for drug discovery, including
minimal sample consumption, low cross-contamination, fast mixing, miniaturized space,
high-throughput capabilities and multiplexed detection2’. In molecular biology, droplets
with homogeneous diameters and controlled content that does not evaporate are important
for screening experiments that rely on high reproducibility, such as protein crystallization?8,
gene mutation2?, DNA assays3Y and molecular evolution3L,

Applications of microfluidic techniques

For applications in chemistry or biochemistry, the main microfluidic techniques include
electrophoresis, chromatography and binding assays. These techniques facilitate genetic,
protein, glycan and metabolite analysis and are used for genome sequencing, clinical
diagnostics, drug discovery and basic research support. Again, the recent trend towards
applications in cell biology, embryology or tissue engineering is dramatically changing the
situation. The examples given below cover only a few of the relevant applications.

Enzyme activity and kinetics.

Enzymes are important targets in early-stage toxicity screens32. Furthermore, kinetic data on
the reaction of enzymes with small molecules are gaining significance for drug discovery
and development33, Several microfluidic platforms have been developed to meet the
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resulting demand for the rapid determination of enzyme activity. In a so-called immobilized
microfluidic enzyme reactor (IMER), the enzyme is typically immobilized on a solid
substrate and supplied with a continuous flow of reagents. Microreactors allow essentially
the same operating modes as macroscale reactors — batch and continuous modes — where
the latter has proven to be most advantageous. These systems have been increasingly utilized
for the determination of enzyme kinetics. An overview of the fundamental features,
applications and current state of IMER systems has recently been published33.

Another microfluidic approach has investigated the dynamics of enzyme inhibition using an
inhibitor gradient generated in a microchannel. Kinetic rate constants and inhibition
constants were calculated from the fluorescence data in the microfluidic system as well as in
a plate approach used as a reference. This microfluidic approach was faster (2 minutes
instead of at least 15 minutes) and simpler to operate, and the standard deviation data for the
kinetic constants were lower than the data obtained with the plate approach34.

Further developments include the replacement of covalent enzyme immobilization to avoid
potential damage to the enzyme caused by chemical procedures. Pore-limit electrophoresis
with enzyme assay, for instance, is a two-step process that combines pore-limit
electrophoresis with an /7 situ enzyme activity assay. The experiment is performed in a
microchannel containing a polyacrylamide pore-size gradient gel using fluorescence
detection. This zymographic platform successfully allowed the determination of the
molecular weight, quantity and kinetic rate constants of enzymes that are present in
heterogeneous protein samples32.

Drug-protein interactions using droplet microfluidics: binding of the anticoagulant drug

warfarin.

The investigation of drug-protein interactions using conventional bioassays typically
requires the immobilization of a drug or protein in the static well of a microtitre plate.
Recently, researchers used droplet microfluidics to study the interaction between human
serum albumin (HSA) and the anticoagulant drug warfarin. First, magnetic beads were
coated with HSA in a bulk solution. Next, warfarin was added and the system was allowed
to reach equilibrium. The samples were then injected into a microfluidic device where they
were encapsulated in droplets of mineral oil. The droplets containing magnetic beads (and
thus HSA and warfarin complexes) were separated from the solution containing the free
drug at a T-junction using a magnet on one side. As the experiments were performed using
radiolabelled 14C-warfarin, the concentration of warfarin bound to HSA on the beads and the
concentration of free warfarin could easily be determined by a scintillation counter. The
droplet separation allowed for a relatively simple measurement of the concentration ratio
between bound and free warfarin, allowing researchers to calculate the affinity constant for
the binding between the drug (warfarin) and the target (HSA)3.

Plague formation in Alzheimer’s disease.

Alzheimer’s disease is characterized by the formation of plaques composed of amyloid-f3
(AP) aggregates within brain tissue. To study the inhibitory effects of small molecules and
metal ions on AP aggregation, the Ap42 peptide was studied in a microfluidic system. First,
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the AB42 peptide was covalently immobilized into microfluidic channels via silanization of
PDMS and subsequent reaction with A-hydroxysuccinimide and carbodiimide. After a
blocking step with bovine serum albumin (BSA), AB aggregation was studied by incubating
the system with solutions of Ap42 peptide with or without a potential inhibitor (small
molecules or metal ions). The results were extracted via fluorescence microscopy and
atomic force microscopy; they verified previous results and were obtained faster and with
much lower reagent consumption36,

Membrane protein studies: inhibitors of a hepatitis C virus membrane protein.

Membrane proteins are typically embedded in the lipid bilayers that comprise most
biological membranes. These proteins allow the cell to interact with its surrounding
environment, and generally regulate cellular processes in response to external influences.
Their influence on cell behaviour is the basis for their significance in drug discovery. These
proteins can be immobilized onto artificial lipid bilayer membranes to ensure their
functionality in subsequent investigations, which may offer an alternative to cell-based
studies. An overview of the microtechnologies used for membrane protein studies and
applications in this field has recently been published3’. In 2008, Einav et a/.38 used a lab-on-
a-chip device to reveal inhibitors of a key membrane protein of the hepatitis C virus (HCV).
In this study, a high-throughput microfluidic platform based on “mechanically induced
trapping of molecular interactions”, which actively trapped surface-bound molecules while
washing away unbound molecules3®, was used for affinity measurements. Einav et a/.
labelled the HCV transmembrane protein NS4B with green fluorescent protein (GFP) and
immobilized it within a microchannel via an anti-GFP antibody that was bound to the
surface of the microchannel. The affinity of Cy5-labelled HCV RNA probes to the GFP-
labelled NS4B was detected by fluorescence measurements. After identifying the part of the
RNA that specifically binds NS4B, a compound library was screened for inhibitors of this
binding. In total, 1,280 compounds were tested, resulting in the identification of 18
compounds for further analysis. The high sample throughput, in combination with low
sample consumption, demonstrated the utility of the microfluidic platform used in this
studys38,

Detection of exosomes in cancer.

Exosomes are shed from both normal and cancer cells. Initially, these nanoscale vesicles
were only considered as inert extracellular debris but now it is believed that they have an
important role in long distance cell-cell communication and horizontal transfer of
information — for example, during tumour progression. Recent findings have shown that
they contain and serve as carriers for bioactive molecules (such as proteins, mMRNAs, small
RNASs or microRNAS) and might be involved in important steps of tumour progression, such
as the formation of the pre-metastatic niche. Thus, they would be interesting targets for new
drugs: as biomarkers for diagnosis and/or prognosis of cancer, or as natural transport
vehicles for drug delivery*%:41, Unfortunately, these nanosized vesicles are difficult to isolate
using standard centrifugation protocols. They can be isolated from blood, however, using
microfluidic channels that are equipped with herringbone patterns; a similar concept is also
used to isolate rare circulating tumour cells from blood#2. We expect that microfluidic
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systems with features and functional elements that have similar dimensions to small vesicles
will also allow improved handling, analysis and manipulation of exosomes.

Measurements of cell viability.

Perhaps one of the most noteworthy developments in droplet technology for drug discovery
was the encapsulation of single cells or even animals within droplets*3-48, Single-cell
droplets are compatible with high-throughput screening and sorting#°. Brouzes et a/46
developed a droplet viability assay that permits the quantitative scoring of cell viability and
growth within intact droplets, thus allowing an entire drug library to be screened for
cytotoxic effects against U937 cells. The assay merged a cell-containing droplet with a
fluorescently encoded droplet containing various concentrations of the drug mitomycin C,
incubated them for approximately 15 minutes and then characterized cell viability by
fluorescence imaging® (FIG. 1F).

DNA synthesis.

Synthetic biological building blocks such as DNA oligomers or DNA analogues can be used
to design and manufacture synthetic genetic networks*®, metabolic pathways for the
production of small molecules and synthetic genomes for bacteriophages or bacteria (see
also BOX 2). Kong et al® and Lee et a/5! have successfully demonstrated synthetic DNA
constructs that can be used for these purposes, but the substantial costs related to
synthesizing larger DNA molecules have prevented the use of these building blocks on a
larger scale. Kong et al. used a multichamber microfluidic device consisting of four 500 nl
reactors to carry out polymerase construction and amplification (PCA)-based synthesis of 1-
kb-long DNA constructs from very low concentrations of oligonucleotides.

Microfluidic systems use less reagent for more cost-effective synthesis, and can create more
complex genes because of the ability to maintain reagents at required concentrations even in
complex oligonucleotide pools. Lee et al. parallelized the synthesis of genes on a chip using
a multilayer microfluidic device. Conventional solid-phase chemistry was used to synthesize
a gene fragment of Bacillus cereusin a design that encompassed valves, purge lines, reagent
controllers, a herringbone binary tree for proper mixing of reagents and an array of 16 nl
reaction columns (FIG. 2). The multiple reaction chambers allowed the researchers to
harvest the constructs separately to obtain homogenous samples, as opposed to the mixtures
obtained from common microarray technologies.

Protein expression.

A better understanding of signalling pathways, key regulatory nodes and/or crosstalk
between different pathways will allow us to better predict the target effects of drugs and to
profile the effects of drugs on the level of metabolic pathways®2. Khnouf et a/3 recently
presented a module for the cell-free expression of functional soluble and membrane proteins.
Cell-free screening systems are indispensable to drug discovery processes for gaining
complementary information about drug-target effects. The disposable, three-layer device
used by Khnouf et al. has the footprint and pitch of a standard 96-well microtitre plate. The
upper and lower layers were mechanically machined polypropylene plates; the former
contained a reaction chamber and three adjacent ports for loading solutions, and the latter
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provided the feeding chamber. Dialysis membranes were used to separate all three layers of
the channel, making standard dispensing devices and microplate readers applicable for the
reactions and read-outs. Two membrane-associated proteins (bacteriorhodopsin and
apolipoprotein A) were co-expressed in a single reaction, and two soluble proteins
(luciferase and p-lactamase) were synthesized using this device. The functionality of the
produced proteins was demonstrated in different enzyme inhibition assays. The device
significantly reduced reagent consumption compared to commercially available cell-free
protein synthesis kits and used a straightforward strategy for parallelized high-throughput
applications using standardized equipment in drug discovery. The development of such
platforms is an important initial step towards standardized and scalable cell-free microfluidic
screening systems and will help us to gain deeper insights into important drug targets such
as membrane proteins and enzymes, as well as helping us to better understand their effects
on biological systems® (see also BOX 2).

Microfluidic model systems of disease or toxicity

A growing number of /n vitro and /n vivo models based on lab-on-a-chip technology are
being developed for disease or toxicity studies. These range from cell-free assays to cell-
based systems (including single-cell arrays and three-dimensional cell culture systems), in
addition to small multicellular ‘organisms on a chip’. As described above, on-chip devices
have shown the capability to immobilize, manipulate and transport particles, biological parts
or cells; they have generated stable static or dynamic gradients of chemical and biochemical
compounds; they have provided a constant or intermittent supply of nutrients and removal of
metabolites; and they have allowed multiplexed analyses including parallel read-outs of cell
culture parameters by on-chip integrated sensors®®. Integrating these tools with cell culture
facilities and cell-based assays will lead to more advanced culture techniques, highly
sophisticated and integrated devices as well as higher-throughput and multiplexed assays.

Cell-based microfluidic model systems.

Cell-based assays are highly dependent on how cells behave /n vitro and on disease-relevant
cell culture models that accurately represent the pathophysiological states found /7 vivo®®.
For in vitro models, the most important factors influencing successful in vivo reproduction
are the cell type and source. The correct choice of suitable and stable cell sources is decisive
for the reliability and validity of /n vitro studies; the cells must have the right phenotypic
expression and should come from appropriate lines — that is, normal, mutant, transfected or
malignantly transformed cell lines. Primary cells, particularly those derived from the liver,
heart or brain, are frequently used as a cell source. Primary cells are initially characterized
by their phenotypic behaviour and are therefore ideal candidates for drug discovery and
toxicology studies. A major drawback of primary cells, however, is their early loss of
organotypic functions. Even short-term culturing generally leads to a reduction in specificity
owing to their isolation, drastic alteration of the cellular environment and their transfer to
standard plastic cell culture vessels®’. Microfluidic tools and platforms offer new
opportunities to better control the essential spatiotemporal cues of the cellular
microenvironment to maintain organotypic functions for a longer period of time. Moreover,
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microfluidic techniques allow for the improved handling, positioning, manipulation and
analysis of living cells.

For example, microfluidic approaches might be useful in overcoming the limitations of
current /n vitro techniques for using stem cells in drug discovery. Reprogrammed patient-
derived stem cells were recently proclaimed as the beginning of a new era for drug
discovery®8. One central aim is to differentiate stem cells from patients with a specific
disease towards disease-relevant cell types in order to produce /n vitro models of the disease
or even patient-related models for drug-target evaluation and/or toxicity studies®®. However,
current /n vitro techniques provide a very simplistic and synthetic environment for stem cells
and thus are not able to support efficient and terminal differentiation of stem cells.
Microfluidic assays might enable better control of cell fate /n vitro— for example, by
improving the spatiotemporal control of biochemical and biophysical factors89-62. However,
the development of such assays is still in its infancy, as our understanding of the control of
cell fate by environmental factors is still in the early stages.

Another application of microfluidic cell culture systems is the analysis of DNA damage in
cancer models. The comet assay, also referred to as a single-cell gel electrophoresis assay, is
a standard technique for analysing DNA damage and repair on a single-cell level. Wood et
al®3 recently fabricated a microwell array patterned in an agarose layer that allowed gravity-
driven single-cell trapping and high-throughput analysis of DNA damage. The
microstructured device solved some of the inherent problems of the widely used standard
comet assay, such as difficulties in the retrieval of cell locations and impeded cell analysis
because of averlapping cells. The device thus facilitates fully automated and robust imaging
and analysis on the basis of spatially patterned cells by capturing them into microwells, and
reduces failures of cell analysis because cells are in a single focal plane and are not
overlapping. The microwell array was fabricated with a simple stamping procedure into a
molten agarose layer that was directly compatible with the original comet assay. To study
DNA damage provoked by chemicals or the inhibition of DNA repair mechanisms (mediated
by small molecules), the patterned array of agarose microwells can be sandwiched between a
glass substrate and a bottomless microtitre plate. This new device, offering the possibility to
measure DNA damage and repair kinetics on a platform that is capable of a high throughput,
is a new and powerful tool for drug screening on a single-cell level.

Chen et al8 devised another approach for characterizing the response of single cells to drugs
based on electrophysiological measurements in a microfluidic device. In contrast to the
approach described above, a planar patch-clamp technique was proposed, in which cells
were immobilized on a small aperture integrated into a microfluidic mixer. This three-layer
patch-clamp device used PDMS in the upper and lower layers for fluid transport and
electrical connection, and a poly(methylmethacrylate) (PMMA) layer or glass chip in the
middle with a through-hole to trap the cells. A passive zig-zag micromixer in the top layer
was used to precisely control drug concentrations. Although the total channel length was
around 8 mm (mainly owing to the micromixer), a complete exchange of solution in the
device was possible within 20 seconds; a fast exchange of solutions is a key parameter for
studying dynamic effects on a single-cell level. As a proof of concept, volume-regulated
chloride channels in human embryonic kidney (HEK) 293T cells were
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electrophysiologically characterized while being exposed to different osmolarities.
Furthermore, researchers studied the impact of different concentrations of tetraethyl-
ammonium chloride on potassium channel blocking, in addition to the response of volume-
regulated chloride channels to sequential solution exchange. The latter protocol will gain
significance in drug testing for elucidating dynamic effects.

Researchers have raised an important question: can these devices or aspects of these devices
be used multiple times, or can they only be used safely and reliably as disposables? In the
latter case, the future focus of this work will inevitably turn to the cost-effective production
of such devices. Yet another important question remains unanswered: do cells in such
devices still behave in an organotypic or disease-relevant manner, or do they rapidly change
their physiology as a result of the limited confines of their now unfamiliar extracellular
environment? Answers to these particular questions will have a substantial impact on the
ultimate utility of these devices.

Three-dimensional cell culture.

To date, the dominant method for culturing cells on glass or plastic surfaces involves using a
flat layer, regardless of the application. However, three-dimensional cultured cells have
become increasingly popular because they more closely resemble cell behaviour in vivd®4.
The shortcomings of current cell culture methods are thought to be one of the decisive
reasons for the late-stage failures and high attrition rates of new drug candidates85-66.
Several studies, for example, have shown that there are different mechanisms of drug
resistance in three-dimensional cultured cancer cells compared to two-dimensional cultured
cells®7-68_ The idea of three-dimensional cell culture was first formulated by Alexis
Carrel®, who observed that the organotypic functions of fragments of a chicken heart could
be maintained over 3 months if they were three-dimensionally cultured; following this study,
some of the now widely used three-dimensional cell culture techniques were developed?9.71,
The long-expected paradigm shift has been decelerated mainly because of the elaborate and
costly techniques associated with three-dimensional cell culture. Nonetheless, new
developments in chip-based technologies and microfluidic platforms are now providing
more convenient access to three-dimensional cell culture techniques and experiments, thus
reviving the field of three-dimensional cell culture for a broader research community.

The supply of nutrients to cells and the removal of metabolites are crucial factors for
successful three-dimensional cell culture. If there is no active fluid flow through the artificial
tissue, the size of the aggregates is strongly limited by the diffusion of gases, nutrients and
metabolites; thus, the size of cell aggregates is typically limited to approximately a few
hundred micrometres’2. Techniques to produce cell aggregates date back to the early
twentieth century; Holtfreter’0 created spherically shaped multicellular aggregates (also
known as spheroids) using a non-adhesive agarose layer as a cell culture substrate. Today,
micropatterned substrates can be used to precisely control the size and shape of these
aggregates — also referred to as microtissues. Tekin er a/.’ fabricated stimuli-responsive
microgroove arrays to form artificial tissue constructs with a defined size and shape that
were used as building blocks for modular tissue engineering approaches or as tissue models
for drug discovery processes. Their method relied on a conformal coating of poly(/A-
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isopropylacrylamide) (PNIPAAmM) on top of the microgroove arrays; as a thermoresponsive
polymer, PNIPAAm could be reversibly switched between a cell-attractive state and a cell-
repellent state based on the temperature of the solution. A low temperature (24 °C) during
inoculation, combined with gravity, guaranteed that cells selectively seeded in the base of
the grooves. Raising the temperature during culture then allowed the cells to anchor to the
groove walls and adopt the shape of the grooves. Finally, a lowered temperature was again
applied to detach cells in a headfirst conformation in order to retrieve the geometrically
defined tissue fibres.

Geometric control of the shape of the aggregates is one possible way to passively control the
formation of spatiotemporal gradients in tissue constructs. Alternatively, microtissues can be
processed in microfluidic devices to test their dynamic responses to a drug or their responses
to a series of different drugs. Many important biological processes, including cell
proliferation, migration and differentiation, are controlled /n vivo by spatiotemporal
gradients of soluble factors (for example, paracrine and/or endocrine factors). Drug
development, however, is highly dependent on high-throughput methods, which generally do
not support such fine spatiotemporal control. Therefore, methods must be developed to
produce large quantities of identical, traceable microtissues, which can be processed in
parallel to provide fast and reliable results on the behaviour and response of three-
dimensional cultured cells.

Chen et al%" developed a method to mechanically stabilize multicellular constructs via
photo-encapsulation of 500-1,000 cells in encoded polyethylene-glycol-based hydrogels, so
that the microtissues could be studied with a multiplexed microfluidic approach. The method
was tested with mouse embryonic stem cells, bipotential hepatic progenitors, mature
hepatocytes and hepatoma cells. The stabilized and encoded microtissues had a size of 250—
350 um and were used in high-throughput analytical processes, such as flow sorting and
analysis, to provide a solid basis for quantitative statistical analysis. The authors developed
two different methods for multiplexing the process: the first was based on embedding
fluorescent micro- or nanoparticles into the cell-containing capsules. The second was based
on an orthogonal detection method using embedded biotinylated particles that were labelled
after the encapsulation process by diffusion into the hydrogels with different streptavidin-
conjugated near-infrared-emitting molecules. The assay was used to assess the
chemotherapeutic effect of different drug-gene combinations in an RNA interference
experiment. First, pooled and encapsulated HepG2 cells were treated with small interfering
RNA to silence the anti-apoptotic gene B cell lymphoma XL (BCL-XL), and were then
exposed to two different doses of doxorubicin. The apoptotic effect was measured by a
combined flow analysis and near-infrared scanning process. New strategies using
continuous-flow lithographic DNA-based encoding could be used in such approaches to
further improve the multiplexing capabilities’4. Using multiple cell types, heterogenic
microtissues with a more complex and natural architecture mimicking liver or cardiac tissues
could also be produced and used as /n7 vitro models for drug testing. The aforementioned
methods will lay the foundation for standardized high-throughput tests to evaluate the
response of organotypic three-dimensional cultured (human) cells to different drugs and
drug combinations. These types of assays will help to refine drug development strategies and
will eventually reduce costs by reducing the reliance on animal testing.
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Microfluidic platforms with an increased functionality are currently being developed to
improve data quality from /n vitro assays, as well as to shed light on the delicate relationship
between microenvironments and cellular development80:75-77_In the near future, such tools
could have the potential to provide deeper insight into the complex spatiotemporal cues that
govern cell fate, but eventually they must also be able to translate this knowledge into a
high-throughput format; that is, these microfluidic platforms need to be turned into high-
throughput devices. Only when these milestones have been realized will cell-based assays
have the accuracy needed for their use as successful drug discovery platforms. To this end,
one of our own approaches involves the development of high-throughput fabrication
techniques for the large-scale production of biofunctionalized microstructures for three-
dimensional cell culture applications. These film-based microstructures are produced by a
combination of material modification techniques and a microscale thermoforming process.
This technology allows the modification of thin polymer films in their planar state before
they are formed because the modifications can be preserved during the solid-state forming as
a result of a permanent material coherence. It enables the production of microcavity arrays
for single-cell and/or three-dimensional cell aggregates and microfluidic structures with
high-resolution, site-specific surface modifications. The underlying concept encompasses
not only the possibility of film-based continuous manufacturing of very flexible,
functionalized cell culture platforms but also provides access to continuous reel-to-reel
processes for these applications’®.

Organs on a chip.

Three-dimensional cell culture techniques have great potential to assist the transition of drug
testing from animal-based assays to /in vitro assays. Currently, however, the results obtained
with new /n vitro systems cannot replace animal testing because they do not take into
account the complex interactions between different tissues and organs. Animal testing is not
ideal either, as the predictive value of such tests is limited owing to metabolic differences
between humans and animals, and many ethical issues are raised by the testing. In efforts to
bypass animal testing, co-culture or multitissue-based microfluidic devices integrate two or
more cell types in two-dimensional or three-dimensional cell cultures to simulate various
human organs on a single chip’9-81. These systems aim to mimic the tissue-tissue interfaces
in the body or at least some of the physiologically relevant processes that are part of the so-
called ADME (absorption, distribution, metabolism and elimination) processes in the
body®82.

In this effort, Sung et /.83 developed a microfluidic device to test different cell types in
three-dimensional cultures using separate chambers connected by a microfluidic network to
reproduce the pharmacokinetic profiles of drugs in the body. The chip mimicked a cancerous
colon, cancerous liver and healthy bone marrow using three separate compartments for the
matrigel-encapsulated colon cancer cells (HCT-116), hepatoma cells (HepG2/C3A) and
alginate-encapsulated myeloblasts (Kasumi-1) in three-dimensional culture. The geometry
of the compartments and channels as well as the applied flow rates were adjusted so that the
residence times of the fluid in the various microfluidic compartments matched the
physiological residence times of blood in the corresponding organs. Using this device, Sung
et al. demonstrated that the complex interactions of the different tissues yielded cytotoxic
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effects (with a common anticancer drug) that were different to the effects that have been
observed in a conventional 96-well-plate-based assay.

One of the most prominent organ-on-a-chip devices was recently presented by Huh and
colleagues84. The authors developed a microfluidic device that was able to mimic the
functional alveolar-capillary interface of a human lung by integrating mechanical cell
actuation into their co-culture model. A compartmental, two-layer PDMS structure was used
to co-culture cells in a middle channel while applying a vacuum from two channels on either
side to generate the mechanical actuation. The upper main channel contained human
alveolar epithelial cells cultured in air on the upper side of a thin PDMS membrane, whereas
the lower channel contained a fluid medium with microvascular endothelial cells attached to
the opposite surface of the membrane. Applying a vacuum to the side channels resulted in a
cyclic stretching of the PDMS membrane in the main channel. The applied mechanical
stimulus had an impact on tissue inflammatory responses in a nanoparticle-based toxicology
test and showed enhanced cellular uptake of nanoparticles that was similar to what is
observed in in vivotests.

Devices such as the one presented by Huh et al., which deliver results of drug efficacy and
toxicity on an organ level, may provide valuable information for early-phase decisions in
future drug development. Patient-derived cells could even lay the groundwork for
personalized medicine, providing the ability to optimize drug concentrations and
compositions for different patient groups or even individual patients. To continue this
development, researchers have embarked on unconventional, innovative approaches for
overcoming the current challenges, including the use of ‘more authentic’ cells (cells that
behave more naturally and are therefore more representative of the tissue in question) and
the reconstitution of more complex biological structures or entities on a chip. Ginther et a/.
85 presented a method for the fixation and long-term culture of an isolated blood vessel on a
microfluidic chip. This chip used three microchannel systems for the fixation, perfusion and
superfusion of the vessel. The configuration created a well-defined environment for the
functional testing of the vessel, showing smooth muscle and endothelial function under the
influence of phenylephrine or acetylcholine. In the future, such devices may enable the use
of automated, standardized, artery-based pharmacological and/or toxicological screens, and
are likely to deliver valuable information about the underlying mechanisms of the blood-
tissue interface relating to the bioavailability of new drugs.

Whole organisms on a chip.

Many small vertebrate animals, such as the clawed frog Xenopus laevis and the zebrafish
Danio rerio, are gaining increased attention for drug discovery because they allow the testing
of substances and chemical compounds on a systemic level. Despite their physiological
differences to humans, whole-organism-based screens can provide deep insights into the
effects of drug candidates on developmental processes, tissue-tissue interactions and
metabolism. Although these phenotypic screens can provide valuable pharmacokinetic and
pharmacodynamic information, which is nearly impossible with protein and/or cell-based
assays, they are usually more elaborate and time-consuming®8. Recent developments in
automated microscopy®87:88 and microfluidics, however, have simplified and accelerated this
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process. Microfluidic platforms have been created to manipulate and analyse the roundworm
Caenorhabditis elegans3®%0, Drosophila melanogaster embryos®y, X. laevis eggs®? and D.
reric® in highly spatiotemporally controlled environments. These devices were designed to
fulfil tasks that were previously difficult to accomplish with other methods, such as
handling, positioning, orienting and manipulating entire organisms.

Recently, Chung et a/°! introduced a microfluidic array with the ability to order and
vertically orient D. melanogaster embryos on a large scale. This enabled the successful
quantitative imaging of the embryos based on the alignment of their dorsoventral axis, which
had previously been a major drawback hampering coverslip-based approaches. The
microfluidic device consisted of a meandering manifold (700 pm in width) to inject and
transport the embryos to intersections with cross-flow channels (FIG. 3). The live embryos
(500 um in length) were vertically trapped in a cylindrical cut-out at the intersection of the
main channel and cross-flow channels. The authors used the elastic behaviour of PDMS to
open and/or widen the trap with the initial positive injection pressure. As soon as the
embryos were vertically oriented within the trap, the pressure was released and the trap was
contracted to fix the embryos and their vertical orientation. This lock-in feature allowed the
researchers to securely transport the embryos in their fixed position; this orientation is a
crucial prerequisite for high-throughput, robotic screening systems. This device allowed a
quantitative analysis of the dorsoventral pattern formation of morphogens.

C. elegans is a widely used model organism in developmental biology and drug discovery.
Its high transparency, fully sequenced genome, fully mapped cell fate pattern and ease of
culture make this organism a prime candidate for systematic studies. Cultivating and
studying these organisms over the course of their entire life cycle can provide valuable
insight into age-related phenotypic and behavioural screening®®. Hulme et a/.8° developed a
microfluidic device consisting of an array of 16 dome-shaped chambers for housing
individual worms, a microchannel network for exchanging fluid, integrated screw valves and
‘worm clamps’ strictly for this purpose. Wedge-shaped channels acted as the worm clamps
to immobilize C. elegans for high-resolution imaging and laser-based manipulation. The
chambers were designed with a diameter of 1.5 mm in order to be small enough to prevent
the worms from exiting the field of view but large enough to prevent interference with their
swimming behaviour.

For /n vivo chemical and genetic screening of zebrafish (D. rerio) larvae, Pardo-Martin et al.
93 developed a high-throughput system denoted ‘vertebrate automated screening technology’
The system had: an automatic loading step of the zebrafish larvae, using simple suction into
a tube from a reservoir or microtitre plate; an optical detection step composed of light-
emitting diodes and a photodiode; a positioning and rotation step in a rotatable capillary
with a diameter of 800 um; image focusing and acquisition; an optional laser manipulation
step; and a final dispensing step back into a multi-well plate. The highly automated system
utilized image processing software to control a three-axis stage with two stepper motors in
order to position and orient the zebrafish larvae inside the capillary. The system allowed
confocal imaging and laser-based microsurgery of oriented zebrafish larvae within 19
seconds.
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The use of microfluidic platforms to obtain pharmacokinetic and pharmacodynamic data at
the organism level is a very recent development. More complex devices are expected to fuel
this momentum and deliver valuable large-scale data sets for drug discovery processes.

Conclusions

Despite the lack of commercially available chip-based drug discovery instruments, the
maturation of lab-on-a-chip devices and microfluidic platforms has had an increasing impact
on nearly all aspects and steps of the drug discovery process. Lab-on-a-chip-based /in vitro
and /n vivo models, which are mainly used for phenotypical screenings in the preclinical
phase, allow for higher reliability and better control than traditional /n vitro assays, to better
model the human system. Microfluidic techniques have well-established benefits for
miniaturization, automatization and parallelization; however, they also hold great promise
for long-term, functional cell-based models as a result of their ability to spatiotemporally
control cellular microenvironments with a higher resolution and accuracy. We believe that
improved cell culture techniques will have a vital role in all future cell-based assays,
especially those using stem, progenitor or induced pluripotent cells. Current devices already
display impressive complexity — for example, creating gradients of soluble factors over
three-dimensional tissue constructs — but current systems are still far from being capable of
precisely controlling cell fate and behaviour via artificial instructive environments. In this
regard, there is an urgent need to develop new and innovative strategies for integrating
spatiotemporally patterned biochemical and biophysical cues into microfluidic devices. The
ability to reconstruct physiological or even patient-relevant models /7 vitro is a major step
towards producing more reliable and predictive data in early phases of drug discovery. These
models will eventually reduce the need for animal testing and facilitate the development of
safer and more effective drugs.

In summary, we believe that microfluidics will not immediately revolutionize drug
discovery. However, it will increasingly contribute to the development of novel drug
discovery tools in combination with well-established methods. Paradigm shifts may occur in
the longer-term future, and will probably concern the use of microfluidic techniques in cell
biology and tissue engineering. In particular, the use of multiphase flow (for example,
droplets), applications in cell biology (for example, three-dimensional cell culture) and
tissue engineering will be the focus of interest in the coming few years. The expiry of a
small number of very broad patents will allow many companies to benefit from microfluidic
and chip technology as an integrative element to their proprietary technology and
instrumentation. This is likely to have a positive impact on the application of this technology
by end users.
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Box 1 |
Origin of microfluidics

In a broader setting, the rise of microfluidics is linked to the development of integrated
circuit technology and wafer fabrication facilities. The integrated circuit industry
experienced rapid growth over the past two decades; the effort to keep up with Moore’s
law led to constantly increasing wafer sizes and shrinking minimum feature dimensions.
This development led to smaller and faster electronic devices but left older generations of
fabrication facilities outdated within the electronics industry. Using these older integrated
circuit fabrication facilities to develop microfluidic devices and systems appears to be
obvious for the following reasons: requirements for microfluidic manufacturing are much
less stringent, as the size of microchannels is rarely below 10 micrometres; simple
contact lithography is sufficient at this scale; and there is also no pressure to push
microfluidic channel sizes into submicrometre dimensions because the Hagen—Poiseuille
equation dictates that the pressure drop across a pipe is inversely proportional to the
fourth power of the tube diameter at a constant flow rate, thus significantly higher
pressures are needed to maintain the same flow rates in smaller channels. Owing to these
three facts, nearly all abandoned integrated circuit fabrication facilities are suitable for
microfluidic fabrication. There are only a few building blocks that are foreign to the
integrated circuit industry that still need to be added, such as valves, pumps, mixers and
connectors between the chips and supporting systems.

Microfluidic fabrication has been developed with two sets of materials: silicon or glass
and polymers. Silicon and glass have well-controlled mechanical and chemical properties
but they also have high manufacturing costs and high processing complexity, particularly
for disposable devices. By contrast, polymers can easily be fabricated via soft lithography
or hot embossing, where a single mould can serve as a template for many devices. These
processes are more suitable for high-volume disposable devices. However, the
mechanical and chemical properties of polymers are less reliable, making surface
modification a vital step for robust device functionality. Consequently, recent innovations
in surface treatments have mainly been focused on polymeric materials. Although many
researchers still use the more expensive silicon or glass chips for research, there is a
substantial amount of work targeted towards making reliable polymeric devices.

Adapting and developing these new systems for the pharmaceutical industry introduces
several unexpected problems. The first challenge is to convince the industry to replace
existing multimillion dollar systems with tiny chips. This is not as trivial as it might
seem. Although microfluidic devices can replicate the performance of conventional
robotic systems at a much lower cost, commercial companies are often not interested in
lowering costs unless this also increases production volume to maintain market share. In
established markets it appears to be easier to succeed by creating complementary
technologies rather than transformative technologies. The second challenge facing lab-
on-a-chip development is determining the effectiveness of current integrated circuit
laboratories for fabrication. Integrated circuit laboratories have been a convenient
resource for microfluidic development but they were designed without an awareness of
the vital issues surrounding microfluidics — for example, material compatibility and
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biocompatibility, surface chemistry and fluid mechanics. Finally, microfluidic
technologies face a scaling limit where it will become less desirable to move to smaller
length scales. With lithographic limits being pushed deeper into the submicrometre range,
what prevents fluidic systems from following suit? Apart from the above discussion of
fluid mechanics, every system has a limit of detection that dictates the minimum signal
required for a positive result.

As most of these systems are far from the single-molecule limit of detection, the
transition to smaller length scales might jeopardize data integrity. Although lab-on-a-chip
systems have shown remarkable results, their integration into commercial systems might
be considerably slower than expected.
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Box 2 |
Systems biology and synthetic biology

Systems biology and synthetic biology are two emerging biological disciplines with the
potential to have a substantial impact on drug discovery and, in particular, on process
steps such as target identification, elucidation of new (molecular) mechanisms of action
of small molecules, predictive toxicology and drug production®495, The aim of systems
biology is to describe and understand biology and biological systems from the molecular
level up to the systems level. Systems biology attempts to gain further insight into
complex genetic and physiological networks by systematically integrating and mining
large-scale data sets obtained from ‘omics’ experiments and computational modelling of
regulatory networks and interplay between pathways on molecular, cellular, tissue, organ
and whole-organism levels. However, the innate complexity of biological systems reveals
a seemingly infinite number of targets and mechanisms for potential therapeutic
intervention. Multiplexed high-throughput methods as well as methods that are capable
of generating high levels of content are required to meet the challenges of systems
biology.

The young and often controversial field of synthetic biology has drawn a lot of attention
from the scientific community because of notable recent achievements such as the
programming of cells by multiplex genome engineering® or the creation of a bacterium
with a synthetic genome?’. This field applies engineering principles to develop designs
and strategies to create synthetic biological parts, devices and complex systems. The
success of the field will rely on two factors; the first factor is the ability to create
comprehensive libraries of well-characterized and standardized synthetic biological parts,
such as synthesized DNA, phospholipids, membranes and vesicles. These components
will become the building blocks for designing and constructing complex synthetic
circuits or even synthetic cells. The second factor will be the development of new tools to
facilitate the de novo synthesis and assembly of synthetic biological materials with a high
resolution and accuracy — requirements that are most likely to be met by nano- and
microfluidics technology®8. These synthesized constructs will have a reduced complexity
compared to living cells and organisms, and may help to elucidate disease mechanisms.
Lab-on-a-chip devices can be used to generate new knowledge on biological building
blocks or to immobilize, transport and manipulate particles, biomolecules,
bacteriophages, cells or even organisms®°.
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Figure1|. Droplet-based microfluidics.
A | Experimental image depicting droplet generation sequences inside the flow-focusing

orificell. B | Steady-state droplet formation mechanisms that result in monodispersed double
emulsions with a single internal droplet!2. C | Experimental demonstration of feedback-
controlled droplet dispensing!®. D | Thermocapillary-actuated droplet generation1®. E |
Generation of droplets with distinct compositions using mechanical valves (where ‘aqu.’
means aqueous solution)2>. F | Schematic illustration of droplet-based cellular drug
screening6. Fa | A set of two nozzles encapsulates cells and fluorescent dyes. A fork
enables the interdigitation of the streams, resulting in cell-containing droplets alternating
with dye-containing droplets. Fb | A fusion module delivers an alternating electrical current,
which permits electrically controlled droplet merging. Fc | The dyes are then thoroughly
mixed with the cells in a passive micromixer. Fd | A delay line optimizes cell staining by
enabling on-chip incubation of the droplet. Fe| A detection module confines the droplet
laterally and vertically to collect the laser-excited fluorescent signals. Image A is
reproduced, with permission, from REF. 11 © (2003) American Institute of Physics. Image
B is reproduced, with permission, from REF. 12 © (2005) The American Association for the
Advancement of Science. Image C is reproduced, with permission, from REF. 16 © (2009)
Royal Society of Chemistry. Image D is reproduced, with permission, REF. 19 © (2010)
Royal Society of Chemistry. Image E is reproduced, with permission, from REF 25 ©
(2009) Royal Society of Chemistry. Image F is reproduced, with permission, from REF. 46
© (2009) National Academy of Sciences.
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Figure 2 |. Parallelized synthesis of oligonucleotides on a chip.
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a| Schematic illustration of a 16-column microfluidic DNA synthesizer. The device consists
of control lines (shown in red), fluidic lines (shown in blue), a herringbone mixer (shown in
yellow) and a square profiled binary tree and the reactor columns (shown in green). b | A
diagram of the column array with valves for a controlled fluid inlet, fluid flow and washing

of beads®?.
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Figure 3|. Microfluidic array to order and vertically orient Drosophila melanogaster embryos
with a high throughput.

a | Image of an adult Drosophila melanogaster with dorsal, posterior, ventral and anterior
directions. Scale bar: 1 mm. b | Image of an early embryo stained using an antibody against
the protein Dorsal. Scale bar: 100 um. ¢ | Photograph of the microfluidic device (left) and a
schematic diagram indicating the fluid flow (right). Scale bar: 1 cm (left) and 500 pm
(right). d | Design of the array (top view). e | Scanning electron micrograph of the truncated
cylindrical embryo trap. Scale bar; 100 um. f | Schematic process sequence for the trapping
of the embryo (imaging focal plane shown in yellow) and bulk flow in the meander-shaped
manifold (indicated by the arrows). g | Schematic illustration of the imaging set-up with an
inset showing a confocal image of a D. melanogaster embryo stained with antibodies to
Dorsal, Twist and Rolled (also known as dpERK). h | Details of the array with trapped
embryos. Scale bar; 500 um. PDMS, polydimethylsiloxane. This figure is modified, with
permission, from REF. 91 © (2011) Macmillan Publishers Ltd. All rights reserved.
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