Analysis & Methods | Single-Cell Analysis

30

www.q-more.com/en/ | q&more 01.16

Analysis in
picoliter volumes
Miniaturization of routine lab work
with lab-on-a-chip systems
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Bioanalytics Group, Department of Biosystems Science and Engineering (D-BSSE), ETH Zurich, Switzerland

Reducing time, costs and human resources: many basic as well as applied analytical and
diagnostic challenges can be performed on lab-on-a-chip systems. They enable sample
quantities to be reduced, work steps to be automated and completed in parallel, and are
ideal for combination with highly sensitive analytical methods. The Bioanalytics Group at
ETH Zurich specializes in the development of innovative lab-on-a-chip technologies and
their broad-based application to tackle biological and diagnostic issues.
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Faster, cheaper and fully
automated: Lab-on-chip systems
to create, handle, and analyze
tiny volumes
Many biochemical and biological tests are nowadays
performed using microtiter plates with 96 or 384 sample
wells. Alterations in concentrations or reaction conditions
allow for the creation of systematic analysis series. The
sample and reagent volume used for these tests typically
ranges between 10 μl and a few 100 μl (Fig. 1). This
approach often involves numerous time-consuming work
steps, including pipetting, which implicates high error
rates. With increasing test trials, resource requirements
(time and personnel) rise accordingly. Microfluidic or
“lab-on-a-chip” systems enable to decrease the required
sample and reagent volumes by several orders of magnitude and thus, in turn, drastically reduce per-test costs
while simultaneously permitting a wide range of experiments to be performed in parallel within a single chip
device (sidebar) [1].

Modular components
in miniature format
Using photolithographic processes and most recently also
3D printing processes a wide range of fluidic operations can
be combined on a single, cost-effective microfluidic chip
with a footprint of just a few square centimeters (Fig. 2).
Antibodies

The spectrum of the integrated modules commences at
simple channels with dimensions ranging from 1 to
500 μm, which guide a sample solution to a sensor or
detector, and continues to highly complex systems, in
which various operations such as washing or segmentation steps succeed fully automated and in parallel for
hundreds of samples at once [2]. Besides channels and
reaction chambers, today’s chips also include active
elements such as valves and pumps, which permit
synchronized high-precision mixing and the measurement of dynamic processes (kinetics) at high time
resolutions.
The most commonly used chip materials (glass and
polymers) are transparent and hence ideally match
optical measurement methods. Furthermore, interfaces for
microfluidic systems and other analytical methods, such
as mass spectrometry, have been developed recently [3].

Picoliter volumes – versatile
applications and precise control
The use of valves or the creation of segmented flows – an
approach known as “droplet microfluidics” – allows for
reproducible generation of tiniest volumes, right down to
the scale of picoliters and nanoliters [4]. Valves isolate
small chambers, which are ideally suited for cell capture
and culture among others. This enables long-term
observations of living cells, while they are systematically
exposed to test substances. The fluid exchange in such
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Fig. 1 Conventional and microfluidic instruments for the incubation and analysis of living cells.
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Pump

chambers occurs in a split second (Fig. 3). The valve
geometries and the valve arrangements deﬁne the
chamber volumes. Hence, volumes in the nano- or
picoliter range are reproducibly metered. In contrast to
the use of valves, techniques based on droplet microfluidics continuously create small volumes by injecting
an aqueous solution into a stream of an immiscible liquid
phase [3, 4]. The droplet generation operates stable over
hours as well as at high frequencies up to the kHz range,
which renders this strategy particularly useful for
high-throughput analyses.

New methods for
bioanalytical challenges
The analysis of biological samples, i.e. bacteria or cell
cultures, within ultra-small volumes provides detailed
insights into a wide range of biological processes. The
approaches are useful in numerous applications, such as
toxicity analyses, drug development, biotechnology, and
many other ﬁelds in industry. Moreover, single cells can be
isolated in such tiny volumes and individually analyzed.
Using this new approach of single-cell analysis, researchers hope to gain valuable information for systems biology,
especially regarding individual cell behavior and adaptive
properties. In our lab, we deploy a combination of highly
sensitive fluorescence microscopy and microfluidic chips.
The example in Figure 4 shows how the individual cell
response (here: increase of the second messenger cyclic
adenosine monophosphate, cAMP) is determined after
stimulation with a hormone (here: luteinizing hormone).
In this method, individual cells (here: the tumor cell line
MLTC) are ﬁrst immobilized in an array of miniature
chambers. This is achieved by cell traps that are positioned
in the channel. The traps consist of two columns spaced a
short distance apart so that exactly one cell can be captured
between these columns, while other cells pass by already
occupied cell traps. A series of sequential stimulation and
washing steps is conducted afterwards. The cells are
subsequently lysed and the round valves are actuated,
enclosing the lysate within a volume of 500 picoliters.
The amount of cAMP is determined using a competitive
immunoassay, in which the released cAMP binds to speciﬁc
antibodies. This method allows for the generation of a
dose-response curve, which provides the mean response of
many cells (red symbols) as well as the values of individual
cells (black symbols) (graph in Fig. 4). The results depict
the strong heterogeneity of cell response, thereby emphasizing the unique relevance of single-cell analysis [5].
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Fig. 2 A selection of microfluidic unit operations.
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Advantages of lab-on-a-chip systems
■■ Radical decrease in sample consumption
■■ Small, mobile, stand-alone (e.g. for point-of-care)
■■ Fast heat and mass transport
■■ Parallelization
■■ Automated workflows
■■ Modular designs permit the integration of unit operations
■■ Precise control of small liquid volumes and objects

(e.g. droplets, particles or cells) [3, 4]
■■ Enables the simulation of biological systems (artiﬁcial cells, organs-on-a-chip)

Microchambers

Microdroplets

Current trends
Microfluidic technology already signiﬁcantly contributes
to bioanalytics and provides innovative solutions for
fundamental research. Moreover, the development of
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Fig. 3 Washing step on-chip: the presented microfluidic chip contains
integrated, round valves comprised of circular ring-shaped stamps
that are pressed into the channel, thereby forming tiny chambers.
Upon valve actuation, a volume of a few hundred picolitres is
enclosed. The opening and closing of the valve permits complete
fluid exchange within approximately 200ms, which can be used in

single-cell analysis for supplying fresh growth medium, for example,
or as a washing step. The image sequence illustrates an enclosed
fluorescent fluid that is exchanged by an externally flowing nonfluorescent buffer solution upon valve opening.

microfluidic diagnostic tests comprises large potential,
for instance for personalized medicine. Miniaturized
analytical methods combined with simple and costeffective fluidic chips will enable the operation of complex
biological and chemical tests online and on demand as
well as almost anywhere in the world [6]. Microfluidic
systems furthermore render tissue engineering (“organ-ona-chip”) possible in order to simulate the physiological

cell environment, thus providing detailed and realistic
insights concerning the progression of disease or drug
metabolism (pharmacokinetics) [7]. The short measurement time coupled with massive parallelization delivers
results faster and more cost-effectively than conventional
tests, and additionally offers improvements to the
standardization of cell-based assays.
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Fig. 4 Determination of a dose-response curve for individual cells by applying an
antibody-based detection method (ELISA – enzyme-linked immunosorbent assay).
The cells are captured by a cell trap, lysed, and analyzed. The addition of a stimulating
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agent either occurs before injection into the chip or after cell trapping (data from [5]
reproduced with permission, copyright ACS).

www.q-more.com/en/ | q&more 01.16

Lucas Armbrecht

studied microsystems technology at the
University of Freiburg (Breisgau, Germany).
During his master’s, he focused on
sensors & actuators and lab-on-a-chip
systems. Since June 2015, he is PhD
student in the Bioanalytics Group at ETH
Zurich (Switzerland). In his doctoral
studies, he is developing a microfluidic
method for multi-parameter measurement
of selectively trapped single cells.

■■ petra.dittrich@bsse.ethz.ch
■■ felix.kurth@bsse.ethz.ch

Petra Dittrich is an Associate

Professor in the Department of Biosys
tems Science and Engineering at
ETH Zurich (Switzerland). She studied
chemistry at Bielefeld University and the
University of Salamanca (Spain). After
completing her doctoral studies at the
Max Planck Institute for Biophysical
Chemistry in Göttingen (Germany) and
her postdoctoral work at the Institute for
Analytical Sciences in Dortmund, she
was Assistant Professor of Bioanalytics
at the Department of Chemistry and
Applied Biosciences at ETH Zurich from
2008 to 2014. Her research focuses on
the miniaturization of bioanalytical
methods, especially for cell and
membrane analysis and for the creation
of artificial cells. In 2015, Petra Dittrich
received the Heinrich Emmanuel Merck
Prize for her work in the field of singlecell analysis with immunological
methods.

[4]
[5]
[6]
[7]

Felix Kurth

studied bioengineering at the Technical University Dortmund
(Germany) and at the Royal Institute
of Technology in Stockholm (Sweden).
During his PhD studies at ETH Zurich
(Switzerland), which he completed in
2015, he developed lab-on-a-chip
systems and methods for quantifying
mechanobiological responses at the
single-cell level, particularly the characterization of mechanosensitive cation
channels. His current research focuses
on the implementation of mechanosensitive transmembrane protein complexes
in artificial cellular structures.

Hümmer, D. et al. (2016) Lab Chip 16, 447-458
Eyer, K. et al. (2012) Lab Chip 12, 765–772
Eyer, K. et al. (2015) Sci. Rep. 5, 16551
Kurth, F. et al. (2012) Curr. Opin. Chem. Biol. 16, 400–408

■■ lucas.armbrecht@bsse.ethz.ch
Bibliography
[1] Sackmann, E. K. et al. (2014) Nature 507, 181–189
[2] Dittrich, P.S., Manz, A. (2006) Nat. Rev. Drug Disc. 5, 210–218
[3] Küster, S. K. et al. (2015) Angew. Chem. Int. Ed. 54, 1671–1675

q&more 01.16 | www.q-more.com/en/

The article is also available
online from the q&more Portal
■■ www.bit.ly/q-more1601-05

35

