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Abstract We describe a novel microfluidic perfusion
system for high-resolution microscopes. Its modular
design allows pre-coating of the coverslip surface with
reagents, biomolecules, or cells. A poly(dimethylsilox-
ane) (PDMS) layer is cast in a special molding station,
using masters made by photolithography and dry etch-
ing of silicon or by photoresist patterning on glass or
silicon. This channel system can be reused while the
coverslip is exchanged between experiments. As normal
fluidic connectors are used, the link to external, com-
puter-programmable syringe pumps is standardized and

various fluidic channel networks can be used in the same
setup. The system can house hydrogel microvalves and
microelectrodes close to the imaging area to control the
influx of reaction partners. We present a range of
applications, including single-molecule analysis by fluo-
rescence correlation spectroscopy (FCS), manipulation
of single molecules for nanostructuring by hydrody-
namic flow fields or the action of motor proteins, gen-
eration of concentration gradients, trapping and
stretching of live cells using optical fibers precisely
mounted in the PDMS layer, and the integration of
microelectrodes for actuation and sensing.
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1 Introduction

The idea of a micro total analysis system (lTAS) or lab
on a chip (Manz et al. 1990, 1991) has led to numerous
approaches to miniaturization in biochemistry, molecu-
lar biology, and cell biology. The use of a fluorescence
microscope for the observation of biochemical reactions,
the study of live cells using image processing, and the
enrichment of cells by sorting are of special importance
here. An already commercially available approach is the
negative dielectrophoresis (nDEP) to hold single cells in
place (caging), to turn, to view (e.g., using a confocal
setup), and to sort them (Müller et al. 1999; Duschl et al.
2004). These perfusion systems already use clever ways,
such as microsyringe pumps, to connect the flow cells to
external macrofluidics; i.e., they consist of a stainless
steel fluidic block containing an irreversibly bonded
microfluidic system into which the tubes are plugged via
O-ring gaskets.

Although perfusion cells for the microscope exist
generally, they are often too large, with volumes of
several 10 to more than 100 ll. There is thus a growing
demand for a low-volume microfluidic perfusion system
that is ideally composed of discrete modules, most of
which can be reused for a new application. An important
aspect of this is a simple interface between the macro-
fluidic and the microfluidic world, preferably using
standard connectors. If this is achieved, rapid proto-
typing is possible where the macrofluidic system stays
the same and only the microfluidic chamber is ex-
changed.

Moreover, it is often desirable to take apart the mi-
crofluidic channel. For one, proper cleaning is easier
when the cover can be removed. A fixed cover also
lowers the flexibility of the system: one might wish to
modify the coverslip surface by attaching chemically

reactive groups, biomolecules, or live cells before intro-
ducing it into the channel system, which is impossible
with an irreversible setup such as gluing or anodic
bonding at high temperatures. And in order to use other
surfaces, the coverslip should be replaced without
exchanging the entire chip, hence reducing consumable
costs.

Here we present a microfluidic system that meets
these requirements. It is based on a holder which is
mounted in an inverted microscope and holds the chip
by pressing together microchannel (usually PDMS) and
coverslip. It also represents an interface between the
microfluidic and the external macrofluidic system by
providing standard connectors, for which we designed a
novel PDMS casting station. Fluid flows are driven by
computer-controlled syringe pumps and external or
internal valves which can all be added in a modular way.

We further show experimental setups that have been
realized in this system. The sheer number of applications
already considered, tells one that many more applica-
tions can be expected in research areas as diverse as cell
biology, biochemistry, biomaterial research, and nano-
technology.

2 Design and manufacturing of the microfluidic chip
system

The idea of the MicCell is outlined in Fig. 1. It shows
the assembly of the flow cell using a sandwich of a mi-
crochannel system (either completely from PDMS or, as
shown here, using a glass substrate and microstructured
walls) and a coverslip, held together by mounting it into
a holder. This setup allows easy mounting and quick
exchange of the channel system with alternative ones,
while keeping constant all parts that connect to either

Fig. 1 Schematic drawing of
the assembly of the microscopy
chamber (not drawn to scale),
as described in the text. Screws
and springs for fastening and
the adapter plate are not shown
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the internal fluidics or to the microscope. Thus this
system provides a customized flow cell with standardized
macro-to-micro interface (fluidic connectors), which aids
in rapid prototyping of the microfluidic system while
easing the connection with external pumps.

In the normal setup, the flow cell incorporates a 150-
lm thick standard coverslip (22·22 mm), which seals a
microchannel in a ca. 2-mm thick layer of poly(dim-
ethylsiloxane) (PDMS), coined the ‘‘PDMS channel
plate.’’ Casting of the PDMS layer is outlined in the
following section. As regular coverslips without bore-
holes are used, the PDMS channel plate must feature all
inlet and outlet holes. The holder for the microchannel-
coverslip sandwich consists of an aluminum support,
which is directed to the microscope objective, and a lid
from poly(methylmethacrylate) (PMMA), which holds
all in- and outlets (Fig. 1) and, after assembling, is laid
into an aluminum plate that adapts the microscopy cell
to any type of inverted microscope (not shown). The
experiments described in this publication were mostly
performed on a Zeiss Axiovert 200M microscope.

In the standard setup, the PMMA cover holds up to
four UNF (Unified National Fine Thread) fittings
(Upchurch) for 1/16’’ OD PTFE (poly(tetrafluoroethyl-
ene), Teflon) tubes, but other geometries and more
connections are possible. Inner tube diameters of typi-
cally 0.8 mm (but also values down to 0.3 mm) have
been used here, smaller inner diameters can be realized
using PEEK capillaries. Since almost the entire area of
the soft PDMS layer with no extra gasket is used for
sealing, the microchannel is watertight at fairly high flow
rates, which are at least 150 ll/s in a single channel of
the typical channel dimensions (width: 3 mm; height:
50–100 lm), i.e. sufficient for all applications presented
in Sect. 3, even without permanent attachment of the
two layers by anodic bonding or gluing. If higher pres-
sures are employed, sealing can be ensured by adjusting
the pressure with which PDMS and coverslip are held
together or by oxygen plasma treatment of PDMS (see
Sect. 3.1).

2.1 Molding of the PDMS channel plate

Normally, PDMS molding is done by pouring a de-
gassed solution of polymerizing monomer onto a master
and curing. The channel formed at the master must then
be sealed by a cover. The difficulty lies in the connection
of the microchannels with outside tubes, for which no
general solution exists.

We have replaced this awkward technique by a more
reliable one. The channel is formed by injecting PDMS
solution into a casting station with a syringe (Fig. 2a, b)
containing the master (black) and capped by the PMMA
lid mentioned above. In our case, the master is manu-
factured from silicon by photolithography and deep
reactive ion etching (also called advanced silicon etch-
ing, ASE), for which the classical Bosch process (Lärmer
and Schilp 1994) is employed. The masters are plasma-

coated with a PTFE-like material (CxFy) for easy de-
molding. A less expensive alternative for master fabri-
cation, which is not shown here, is the patterning of one
or more layers of photoresist on glass or silicon.

For casting, ten parts Sylgard 184 (Dow Corning)
silicone elastomer are mixed with one part curing agent,
degassed in an exsiccator for 30 min, and the mixture is
injected into the molding station and cured for 45–

Fig. 2 Molding of the PDMS channel plate. a Schematic of the
casting station; PDMS is applied through the inlet hole. b Casting
of the PDMS gel; the four fittings screwed into the PMMA lid hold
the channel spacers and are replaced by normal fittings in the
assembled cell. c PDMS channel plate after demolding and capping
with a coverslip. The sandwich shown is fixed on a metal support as
in Fig. 1. The completely assembled MicCell is shown in Fig. 3b
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60 min at 80–100�C. As all inlet and outlet holes are
located in the PDMS layer, they must be kept open
during casting using ‘‘channel spacers,’’ i.e. tube fittings
with a steel pin at the tip, (see Fig. 2a, b). These channel
spacers are replaced by normal fittings when the MicCell
is mounted (Figs. 2c, 3b). After curing, the PDMS
channel plate, together with the PMMA lid, is taken out
of the casting station such that the PDMS layer stays in
contact with the PMMA cover, which then becomes the
upper part of the holder in which the microchannel
system rests (Fig. 2c). Due to the Teflon coating of the
master and a slight shrinking of the gel, demolding is no
problem. The slight shrinking affects neither the geom-
etry nor the sealing of the microchannel.

The easy setup of the flow cell allows pre-coating of
the coverslip (e.g., by spotting biomolecules or by
growing cells on it before assembling) and the reuse of
the cell by just exchanging the coverslip.

2.2 Other setups of the microsystem

If both top and bottom of the microchannel must be
glass (either because biological components are sensitive
to PDMS monomers even after extensive washing of the
PDMS, or the system must be air-tight or microelec-
trodes must be present on both sides), the PDMS
channel plate is replaced by a glass base (e.g., a slide
with boreholes) on which channel walls are microstruc-
tured, as shown in Fig. 1. Structuring is most easily done
using photoresist, e.g., SU-8 or dry photoresist films
whose thickness can be adjusted by repeating the
structuring process several times. To ensure watertight
sealing, a gasket of silicone is applied on top of the
photoresist walls, e.g., by screen printing (not shown).
Sealing between the UNF fittings and the slide is
achieved by O-rings, whereas the PDMS channel plate
(see previous section) is self-sealing when pressed against
the PMMA lid. The slide-polymer-coverslip sandwich is
slightly less watertight than the PDMS channel plate, as
the gasket is only placed at and around the channel
walls, whereas in the PDMS channel plate, the entire
area around the channel contributes to sealing.

As mentioned already, such a system can accommo-
date microelectrodes. We have devised a way to contact
microelectrodes using contact pads present on both glass
panes, (see chapter 3.6) . All systems can also be man-
ufactured in different sizes.

2.3 Reaction control by sample injection through
a hydrogel microvalve

So far we have described a microchannel system that
allows rapid prototyping while maintaining a standard-
ized interface to the outside fluidics (without internal
pumps, which improves the reliability of the system). If
it is necessary to start and stop reactions, however,

valves are needed, which cannot be built into the PDMS
layer.

Two possible solutions exist, an external and an
internal one. An external selector (or distribution) valve
(with several inlets and one outlet) can be used to switch
between as many samples as input channels exist. These
samples are then transported by a syringe pump (e.g.,
placed between selector valve and MicCell) into the
microchannel. The advantage of an external valve is that
it is robust, that it can be automated, and that it requires
only a simple microchannel with one inlet and one
outlet. If sharp boundaries between the injected fluids
must be generated, however, an extra microfluidic input
(i.e., a T-channel) is necessary. It is conceivable to use
setups of either two syringe pumps upstream or one
pump downstream of the MicCell, with or without
additional external valves, but a complete discussion
would go beyond the scope of this article. The disad-
vantage of external valves, however, is that large sample
volumes are needed.

The other solution with minimal dead volume is a
microfluidic valve. We have developed a hydrogel valve
that contains particles of poly(N-isopropyl acrylamide)
(PNIPAAm). This material is swollen when wet, but
dehydrates above a certain transition temperature (thus
opening the channel) and rehydrates when it is cooled
down again, thus closing the valve up to a pressure of
several bar (Richter et al. 2003, 2004). Depending on the
degree of crosslinking, biocompatible transition tem-
peratures around 20–40�C are realized (Richter et al.
2003, 2004). The switching temperature of the hydrogel
injector valve type used here is 34�C, meaning that it is
of the ‘‘normally closed’’ type, i.e., the injector inlet is
shut at room temperature.

The currently smallest version of this valve is shown
in Fig. 3a. Its upper layer (left panel) is a silicon sub-
strate through which holes were etched. Its lower layer
contains a cavity etched in silicon with similar through-
etched holes. The cavity is filled with PNIPAAm parti-
cles (right panel). Platinum microelectrodes (insulated
using silicon nitride coating) for heating (Fig. 3a, right)
and temperature sensing (Fig. 3a, left) are structured on
the silicon chips to control the actuator temperature and
hence the hydration of the PNIPAAm actuator. Both
silicon layers are flip-chip-assembled in a Fineplacer
using glue, cured at 100�C, and then wire-bonded to a
printed circuit board (PCB) that connects to an external
electronic control unit. The chip unit is mounted inside a
modified UNF fitting (sealing is achieved by O-rings),
which is then screwed into one of the threads at the inlets
of a branched microchannel (Fig. 3b).

In the easiest setup, the top side of the fitting con-
taining the hydrogel valve is shaped like a funnel and
sample solutions are pipetted into this cavity (Fig. 3b),
but the hydrogel valve can also be connected to the
sample via a tube. Different channel configurations exist
to inject samples into the microchannel (Fig. 3c), the
simplest being a T-junction (left panel). But as there is a
small dead volume downstream of the hydrogel valve
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(inside the ‘‘fitting’’ and in the microchannel just up-
stream of the T-junction), this area cannot be cleaned
without affecting the main channel also. If the cleaning
solution must not enter the main channel, another

channel downstream of the hydrogel valve is added, i.e.,
the T-junction and the two outward channels make up a
‘‘K-junction’’ (Fig. 3c, right panel). Hydrogel valves can
normally be used only when the external syringe pumps
are placed downstream of the flowthrough channel and
thus aspirate (i.e., do not press) liquid.

Like all other active components, the hydrogel mi-
crovalve is controlled by software that allows all devices
to be checked, priming of the channel system, electrical
measurements, programming of fluidic processes (e.g.,
flow ramps), and external triggering (data not shown).

3 Applications

The analysis of large numbers of small particles, cells,
organelles, and even macromolecules in search for novel
and improved molecular or cellular functions (Georgiou
2001) is often realized by fluorescence-based techniques.
The MicCell provides a versatile framework where
computer-controlled external fluidic pumps are rapidly
connected to a channel system that can be exchanged to
adapt to numerous applications. To give an idea of the
flexibility, this chapter lists diverse applications which
have been performed in this system.

Fairly high flow speeds can be applied because the
microfluidic system and the external syringe pumps are
tightly connected with each other using standard fittings
and O-rings, and because the sealing of PDMS on glass
is good.

3.1 High-throughput cell screening using high-
sensitivity multi-color fluorescence analysis

Automated detection and handling of particles and
biomolecules and hence a cost-effective cytometer can be
realized in small PDMS channel networks (Fu et al.
1999; Dittrich and Schwille 2003). Here PDMS and the
covering glass plate are solidly bound after exposure to
oxygen plasma, allowing high flow rates. To analyze a
cell suspension, the sample is introduced into the middle
channel of a crossed microfluidic system (Fig. 4a). The
constant inflow from the two side channels into the main
channel (all three channels are run with the same flow
rate) generates a hydrodynamically focused sample
stream where all cells line up and are detected in the
microscope one after the other. Since analysis is com-
pleted in a millisecond, the concentration of cells and
thus the throughput can be high.

The transparency of PDMS microstructures covered
by a coverslip is compatible with a confocal fluorescence
setup (Dittrich and Schwille 2003), allowing single-
molecule detection, which is performed by the mea-
surement of laser-induced fluorescence emitted from a
tiny detection volume (approx. 1 femtoliter) at the cen-
ter of the channel (Fig. 4b). By adequate optical filter-
ing, two or more spectral wavelength regions are
differentiated and spectroscopic parameters such as

Fig. 3 The hydrogel microvalve, a modular switching device. a
Small hydrogel chip before assembly. Left, silicon cover with
through-etched holes and Pt temperature sensor; right, silicon base
containing a heater and a cavity (with through-etched holes
underneath) filled with hydrogel particles. Both parts are glued
together, as described in the text. b Completely assembled MicCell
consisting of PMMA lid, PDMS channel plate with K-channel and
coverslip (under the PMMA lid), and metal support. It also
contains inlet and outlet tubes plus an extra fitting with a funnel-
shaped mold (top) and a built-in hydrogel valve (arrow). The
electrical connections for heating and temperature sensing are
plugged into the PCB of the hydrogel valve. c Possible channel
geometries (T-type and K-type); gray circles represent inlets and
outlets of the main channel, black circles represent inlets containing
the microvalve, and the white circle represents an additional outlet
to rinse the dead volume behind the hydrogel valve
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color, or intensity, or efficiency of fluorescence reso-
nance energy transfer (FRET) are determined (Fig. 4c).

While the cells are analyzed, the flow velocity
(Fig. 4d) is controlled by fluorescence correlation

spectroscopy (FCS), a technique that analyzes fluctua-
tions in the fluorescence signal induced by single fluo-
rescent molecules and particles entering and leaving the
small detection volume (Madge et al. 1972; Eigen and
Rigler 1994). The autocorrelation function of a fluctu-
ating intensity signal, G(s), specifies the similarity be-
tween a data point with a point measured after a delay
time, s; of course G(s) decays from a maximum value at
s fi 0 to zero for large s. The characteristic decay time
corresponds to the average residence time of the fluo-
rescent particles in the detection volume and hence can
be used to derive their average velocity. This could be
used to analyze flow velocity profiles in microchannels.
For the measurement of the bacteria, we have used flow
velocities of up to 300 mm/s (corresponding to a flow
rate of ca. 8 ll/min in each channel). Due to the plasma
treatment of the PDMS and hence stable binding of
both materials, the flow cell was watertight up to a flow
of 80 ll/min per channel. Typically, experiments were
performed at a flow velocity of 5 mm/s in the channel
center, corresponding to a flow rate of 1 ll/h in each
channel.

The microfluidic setup presented here opens fasci-
nating prospects for the screening of large populations,
but also for the detection of rare events at low concen-
trations (Eigen and Rigler 1994). Since the optical setup
allows the detection of weak signals, it is not limited to
cells or particles; the analysis of single fluorescent mac-
romolecules, e.g., the investigation of reaction kinetics
(Lipman et al. 2003; Dittrich et al. 2004), is also feasible.
Intermolecular reactions could be studied by caging all
reactants in reaction chambers (Dittrich et al. 2005).

3.2 Nanostructure fabrication by manipulating single
molecules in the hydrodynamic flow

The bottom-up fabrication of artificial nanostructures
makes use of molecular recognition and self-assembly
(Braun et al. 1998; Mertig and Pompe 2004). Deoxyri-
bonucleic acid (DNA), in particular, has been used as a
building block, because the specific Watson-Crick base

Fig. 4 Flow analysis of bacterial cells in a two-color confocal
setup. The bacteria consist of three sub-populations expressing
either green fluorescent protein (GFP), the red fluorescent protein
DsRed, or a fusion protein in which both proteins are connected by
a peptide linker (the latter can be differentiated by its specific ratio
of red and green fluorescence). a Microscopic picture of the PDMS
microchannel (channel 25 lm wide and 15 lm deep, constriction
15 lm wide). The main flow containing bacteria (coming from the
upper right corner) is focused between two sheath flows such that
all bacteria must pass the detection point (indicated by a black dot).
b Measurement principle; emitted green and red fluorescence bursts
of a sample passing the excitation light are analyzed. c Histogram
showing the occurrence of red and green bursts (inset original data
of green and red fluorescence = dashed and solid lines) whose ratio
is taken to determine the bacteria type. d Analysis of the flow
velocity by FCS. The decay time of the autocorrelation curves
(dotted lines measured data, solid line curve fit), is inversely
correlated to the flow velocity, as indicated by the arrow

b
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pairing allows the build-up of artificial supramolecular
structures by programming all intra- and intermolecular
interactions (Seeman 1996; Yan et al. 2003). DNA is
also a template for metallization into wire-like assem-
blies for nanoelectronics (Richter et al. 2001; Mertig
et al. 2002; Yan et al. 2003). Here we show the inte-
gration of single DNA molecules into microelectronic
contact arrays by site-specific immobilization and
manipulation in the flow.

In most cases, end-specific attachment of a DNA
molecule to a micro-contact pad requires functionaliza-
tion of both contact pad surface and DNA end. One
can, e.g., hybridize the sticky ends (if present) of a large
double-stranded DNA to complementary oligodeoxyri-
bonucleotides which were immobilized on gold contacts
via a thiol group (Braun et al. 1998), or attach DNA via
an Au-biotin-streptavidin-biotin-DNA bridge (Zim-
mermann and Cox 1994). Here we use electrostatic
bonding between negatively charged DNA (due to its
phosphate groups) and positively charged amino groups,
which does not require DNA modification. Small con-
tact pads, fabricated by vapor deposition of Au through
a mask onto a glass substrate, are amino-functionalized
with cysteamine (Maubach et al. 2003). Figure 5a shows
a series of images where a diluted solution of fluores-

cently labeled k-phage DNA (48.5 kbp, corresponding
to a contour length of 16.5 lm) flows across the contact
array and multiple DNA molecules are bound. We
determined a pH optimum of 8.0 for the pH-dependent
(Allemand et al. 1997) binding of DNA to cysteamine-
coated gold pads. Simultaneous binding of both ends of
one DNA molecule occurs rarely compared to the
binding of single ends, as the molecules are stretched
after binding.

The MicCell can control the degree of stretching of
the anchored DNA molecules by adjusting the flow
velocity (Wirtz 1995; Larson et al. 1997), as shown in
Fig. 5b. At the highest flow rate tested, the apparent
DNA length reaches 83% of the contour length.
Brownian motion of the free DNA end can be seen at
constant flow (data not shown). The free end of the
molecule appears lighter as the mid-segment of the
DNA, indicating that the free end is still coiled (Wirtz
1995); this effect increases with decreasing DNA length.
By changing the flow direction (either by reverting the
flow or by using different inlets and outlets), the direc-
tion of the DNA changes and hence the controlled
bridging of certain contact pads by DNA molecules
becomes feasible (Mertig and Pompe 2004).

The laminar flow in a microchannel results in differ-
ent flow velocities in the center and at the edges of the
flow channel. This velocity profile can be determined by
tracking the trajectories of small polystyrene beads at
different XY-positions and at different focal planes (data
not shown).

3.3 Handling of motor proteins in microflow channels

Motor proteins perform a variety of tasks inside cells,
such as the transport of vesicles and the separation of
chromosomes. There is currently much interest in their

Fig. 5 Fluorescence microscopy images of the binding and stretch-
ing of k-DNA molecules stained with YOYO-1 (Molecular Probes),
appearing as light lines. Experiments were performed in the center
of a 500 lm deep channel. The scale bars represent 10 lm. a k-
DNA binding to a cysteamine-functionalized gold dot (black)
under constant diagonal hydrodynamic flow (10 ll/s). b Images of
a k-DNA molecule attached with one end to a gold contact at flow
rates that decrease from 10 ll/s (leftmost panel) to 0.5 ll/s
(rightmost panel); the actual flow velocity at the surface is much
smaller due to the laminar flow profile in the channel
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nanobiotechnological application, as they can be used to
transport and manipulate nano-objects in a cell-free
environment. This idea is intriguing because such ma-
chines, while being in the nanometer range, are robust
and can work in parallel with high energy efficiency.

Two setups to study motor proteins in vitro (so-called
motility assays) exist. In the gliding assay, the motors
are immobilized on a surface and the filaments glide over
the assembly (Fig. 6a). In the stepping assay, the fila-
ments are laid out on the surface where they form tracks
for the motors to move along (Fig. 6b). In both cases,
the movement is observed under the light microscope
using fluorescence markers or high-contrast brightfield
techniques. Variations on these assays have been used to
reconstitute motility on various filaments (actin fila-
ments, microtubules, DNA, RNA).

Using the kinesin-microtubule transport system, the
gliding assay has provided data on the directionality,
speed, and force generation of purified molecular motors
(reviewed by Scholey 1993; Howard 2001). First nano-
technological applications have been demonstrated and
include the transport of streptavidin-coated beads in
vitro (Hess et al. 2001), the measurement of forces in the
piconewton range (Hess et al. 2002a), the imaging of
structured surfaces (Hess et al. 2002b), and the motor-
driven transport and stretching of individual DNA
molecules that were attached to microtubules (Diez et al.
2003).

The MicCell microperfusion system is of extreme
value for these studies. Using a computer-controlled
flow system and a hydrogel injector valve, the activity of
the enzymes can be started and stopped by controlled
supply of ATP (adenosine 5¢-triphosphate) or inhibitors
and flow fields can be used to apply forces onto the

motors or filaments. The in-focus imaging need not be
stopped during flow application, allowing full observa-
tion of the biophysical effects with high time resolution.

In order to control the gliding movement of micro-
tubules on a kinesin-coated surface, hydrodynamic flow
(Stracke et al. 2000; Prots et al. 2003) has already been
applied to direct the motion of gliding filaments.
Microtubule motility could be started and stopped by
manipulating the ATP concentration (Böhm et al. 2000;
Hess et al. 2001). Figure 7 demonstrates that gliding
motility assays can easily be performed in our flow-
through system and that the spatio-temporal control
over the microtubule movement is readily achieved.
Figure 7a shows the alignment of motile microtubules
that originally migrate over the surface in random
direction, but ‘‘follow’’ the hydrodynamic flow field
once it is switched on.

Figure 7b shows the starting and stopping of motor
activity by either supplying ATP (the normal substrate)
or AMPPNP (adenosine 5¢-(b,c-imido)triphosphate, a
non-hydrolyzable ATP analog) into the flow cell,
respectively. The microtubules repeatedly resume
movement upon ATP addition. The sharp transition
between movement and resting indicates the timely
operation of the MicCell system. The short delay of the
onset of motility after ATP addition is caused by the
rather slow exchange of bound AMPPNP by ATP re-
ported by Schnapp et al. (1990). In these experiments,
hydrodynamic flow has only been applied during the
phases of nucleotide exchange in the chamber (about
10 s duration). The majority of the data points for the
gliding velocities have thus been recorded in the absence
of any hydrodynamic flow. However, in other experi-
ments where ATP-containing motility solution was

Fig. 6 Principal setups to study
motor proteins in vitro. a
Gliding assay; b stepping assay
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continuously flown through the perfusion chamber, we
did not find any significant influence of the flow onto the
gliding velocity (just the direction of gliding).

The MicCell will be beneficial for the study of motor
proteins in the stepping motility configuration. By
combining it with highly sensitive fluorescent imaging
based on total internal reflection fluorescence (TIRF),
we aim to bind kinesin or kinesin-like motors to
immobilized microtubules in the absence of ATP and to
study their first steps after ATP addition. A further field
of development will be the directed movement of
microtubules or motor proteins to which DNA mole-
cules are bound to aid the bottom-up fabrication of
nanowire networks (see also Sect. 3.2 and Diez et al.
2003).

3.4 Generation of protein concentration gradients

Cellular adhesion, migration, and growth are mediated
by proteins and other components of the extracellular
matrix (ECM), including collagen, fibronectin (FN),
heparan sulfate, and various growth factors. One of the
ECM molecules, FN, a 450-kDa glycoprotein, was
chosen to generate surface-bound protein gradients to

study the impact of immobilized ECM at varying con-
centrations.

Lateral surface gradients can be prepared by diffu-
sion-based principles, density gradients, radiofrequency
plasma treatment, localized polymer hydrolysis (Ruardy
et al. 1997), and by laminar flow of protein solutions in
microchannels (Li Jeon et al. 2000; Dertinger et al. 2001,
2002). The MicCell turned out to be ideal to generate
protein gradients in the laminar flow, which is based on
the reduced mixing in a microchannel as compared to
the turbulent mixing in large channels. Thus if solutions
of different concentrations are merged using the ‘‘tree’’
of microchannels (mixer) shown in Fig. 8a, a well-de-
fined concentration gradient perpendicular to the flow
direction and across the channel width is stably estab-
lished. In the first experiment of this kind, three syringe
pumps were used to pump the three solutions into the
microchannel (experiments with two inlets are under
way).

This gradient flow was utilized to deposit FN onto a
reactive polymer substrate. Coverslips were first coated
with thin films of poly(octadecene-alt-maleic anhydride)
(=POMA) (Pompe et al. 2003), and then attached to the
PDMS microchannel shown in Figs. 8a–c. The two-
dimensional FN gradient was formed on the POMA

Fig. 7 Gliding microtubule
motility assays in the MicCell.
a Alignment of migrating
microtubules in the flow. Left
panel random movement before
flow application (movement
direction indicated by
arrowheads, microtubules
without arrowhead are
stationary); right panel directed
movement of microtubules
approximately 2 min after
starting a flow field (indicated
by the large arrow) with 0.5 ll/
s. b Starting and stopping of
microtubule motility upon
application of ATP or
AMPPNP (1 mM each in
buffer) into the flow channel,
respectively (velocity averaged
over ten microtubules)
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coating from the flowing solution after connecting the
three inlets of the MicCell to reservoirs with different
protein concentrations and FN was immobilized on the
POMA coating upon application of the flow. An
example of the resulting gradient is shown in Fig. 8d.

Experiments are ongoing to test various polymer
pre-coatings, the immobilization other ECM

components, gradient mixers with a finer grid for
smoother gradients, and the generation of two-dimen-
sional concentration landscapes by turning the cover-
slip by 90� between two runs, roughly as described by
Cesaro-Tadic et al. (2004). Finally, the functionalized
substrates will be implemented in cell-based assays
using the MicCell platform.

Fig. 8 Generation of lateral
concentration gradients. a
Drawing of the gradient-
forming ‘‘channel tree,’’ three
inlets guide protein solutions
with different concentrations
into the mixer, producing
several streams of graded
protein concentrations that are
combined in a 1.6 mm wide
channel. The flow direction is
indicated by the arrow; the
gradient is formed
perpendicular to this direction.
b, c Detailed views of the
central and the exit region of
the micromixer; PDMS
channels are 50 lm wide and
50 lm high. d Diagram of the
gradient of surface-bound
fluorescent FN on POMA as
determined by confocal laser
scanning microscopy of a
1.6·1.6 mm area that was
covered by the gradient in the
channel. The gradient was
formed from three solutions
containing 25, 12.5, and 0 lg/
ml FN in phosphate-buffered
saline and the total flow (sum of
all three inlets) was kept at
30 ll/s
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3.5 Integration of optical fibers into the PDMS layer: an
optical cell stretcher with microfluidic integration for cell
characterization and sorting

A new technique for single-cell measurements called the
‘‘optical stretcher’’ is a laser trap consisting of two
divergent, counter-propagating laser beams guided by
single-mode optical fibers (Guck et al. 2001). The
transfer of momentum from the light to the cell surface
leads to a stable trapping configuration at low laser
power. At higher laser powers of 0.8–1.5 W, the two
lasers can also deform cells (Guck et al. 2000), enabling
the determination of the viscoelastic signature of the
cytoskeleton (Elson 1988; Schinkinger et al. 2004;
Wottawah et al. 2005). This can be used as a cell marker,
as cancer cells are softer than non-malignant cells and
stem cells are softer than differentiated cells (Guck et al.
2005).

For a correct functioning of the microfluidic optical
stretcher, the two 80 lm thick optical fibers must be
aligned to at least 3 (preferably 1) lm, which is chal-
lenging given that PDMS is a rather flexible material.
We have solved this problem by structuring a funnel-like
recess for the optical fibers in the PDMS layer (Fig. 9a)
of about the same width and using a mechanical feeder
to pre-align and feed the fibers into the microsystem
under microscopic control. Channel widths were 3 mm,
narrowed down to about 250 lm at the trapping/
detection zone; the distance between the fibers and the
flow channel was 100–200 lm. In this fiber-integrated
microfluidic system, the cells could be serially trapped,
deformed, and their mechanical properties determined
(Fig. 9b).

While many techniques exist to probe viscoelastic
properties of cells (Huang et al. 2004; Van Vliet et al.
2003), the optical stretcher is unique in that its nature as
an optical trap lends itself to automation (Lincoln et al.
2004); i.e., a larger, unbiased sample can be measured,
the number of preparations needed to attain a desired
cell number is reduced, and medium swapping and cell
sorting, e.g., by applying nDEP (Müller et al. 1999;
Duschl et al. 2004) or laser tweezers (reviewed by Grier
2003), can be realized. A number of microfluidic devices
have been recently developed to facilitate single-cell
experiments (Andersson and van den Berg 2003), but the
optical stretcher is the first to assess the cells’ deform-
ability.

Applications of this technique are vast. Even though
the method is nonspecific and the effect is in the range of
a few percent, it is fast and absolutely reliable when
using proper image processing. Thus cancer cells can be
detected without need for biopsy; fine needles or cyto-
brushes would collect enough cells. Stem cells can be
isolated from heterogeneous populations. This high-
throughput system requires no labeling or mechanical
contact, leading to high viability of the sorted cells while
leaving them unaltered for further therapeutic use.
Additionally, cells can be monitored over time for vis-
coelastic changes during differentiation, cell cycle, or in

Fig. 9 Integration of optical fibers into the MicCell system as
exemplified by the optical stretcher. a Schematic of an optical
stretcher with a single channel (black) and two aligned optical
fibers (gray) used for trapping and stretching; the PDMS layer is
white. If sorting by radiation pressure is needed, an optical fiber
and another exit channel are added downstream of the detection
point. b Enlarged picture of the detection region of an
unbranched microchannel (as in a) with a trapped human
promyelocytic leukemia (HL-60) cell. The two aligned optical
fibers in their PDMS guide channels are seen right at the top and
bottom of the picture. Stretching is too small to be seen at this
magnification
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response to drugs. Due to its noninvasive nature, the
optical stretcher might become a standard component of
a lab-on-chip that could be combined with any other
single-cell technique.

3.6 Electrodes in the MicCell: electrotitration
to drive pH-dependent contraction and expansion
of ATP-independent mechanically active polymers

The integration of electrodes dramatically expands the
capability of the MicCell. It is, however, incompatible
with PDMS, but requires a hard surface like glass. If
electrodes are present on only one side, the channel
system can still be made of PDMS and microstructuring
of electrodes (e.g., of transparent material such as in-
dium tin oxide, ITO) takes place on the coverslip. But if
they must be present on both the bottom and the cover
of the microchannel (as for nDEP), both substrates must
be glass, as depicted in Fig. 1. In this case, the micro-
fluidic sandwich consists of a slide with channel walls

from photoresist (with boreholes for the in- and outflow
of fluid) and a coverslip, both with microelectrodes on
them (Fig. 10). Sealing of the channel is achieved by a
layer of silicone rubber that is screen-printed on the
channel walls (see Sect. 2.2).

Microelectrode paths are structured by lift-off tech-
nology and insulated by plasma coating with SiO2, ex-
cept for the contacting areas. Conductor paths on the
glass connect the microelectrodes with contact pads and
the latter are contacted in the final sandwich by springs
to route the voltage to the microelectrodes (Fig. 10a).
Such a setup could be used to handle and sort particles
and cells by nDEP, which normally takes place in per-
manently assembled glass covers (Müller et al. 1999;
Duschl et al. 2004). The advantage over the conven-
tional setup is that the reversibly mounted sandwich can
be easily cleaned.

We have begun to study the pH-dependent switch-
ing of certain polymers in such microsystems. Fori-
somes are large protein complexes in legumes that
protect the plants from the loss of photoassimilates by

Fig. 10 Integration of
electrodes into the MicCell to
generate pH waves for forisome
actuation. a Chamber
prototype, mounted and laid
into the adapter plate, with
open cover. Electrodes are
structured on both sides of the
microchannel. PCBs with
spring contacts are placed
above and below the glass
substrates; the ribbon cable
seen on the right is connected to
the input voltages. A similar
setup can be used for nDEP. b
A forisome (arrow) between
four planar platinum
microelectrodes (black areas in
the corners) on a glass substrate
as seen by transmission light
microscopy. A pH change and
hence a forisome response is
induced using an AC/DC
generator by activation of the
two electrodes in the top left
(anode) and bottom right
corners (cathode) at 2.25 Vrms

and approx. 0.1 Hz. Images
were taken after 0, 7, 13, 15, 22,
and 28 s
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blocking injured sieve tubes. Two prolate ellipsoid
shapes exist between which forisomes can switch
reversibly. The elongated form is 30 lm long and 3 lm
thick. Addition of divalent cations (e.g., >32 nM
Ca2+) or extreme pH values (less than 4.9 or greater
than 9.6) induce a swollen state with a length of 20 lm
and a diameter of 7 lm, hence increasing the volume
by approx. 350%. Forisomes therefore constitute ATP-
independent mechanoproteins (Knoblauch et al. 2003;
Knoblauch and Peters 2004) which can switch at least
80 times and generate a pulling force of up to 200 nN
along their long axis. This property makes them can-
didates for switching elements, e.g. microvalves, in
micro- or nanofluidic channels.

Forisome switching can be induced by electrotitra-
tion, i.e., the electrochemical generation of acid and base
by reduction of water at the cathode and its oxidation at
the anode. The challenge was to devise a microsystem
whose channel is freely accessible to deposit protein and
which at the same time integrates microelectrodes. The
pH distribution (Fiedler et al. 1995) can be visualized
using the pH reporter fluorescein isothiocyanate (FITC).
From measurements of the FITC fluorescence as a
function of time in the quadrupole shown in Fig. 10b,
we estimate the velocity of propagation to be 0.1 mm/s
(data not shown).

By applying a low-frequency square wave voltage,
an alternating pH pattern can be generated that
periodically induces a reversible conformational
change of the forisome. The image sequence in
Fig. 10b shows the quick and reversible switching of
the forisome protein complex during application of
such an alternating square wave voltage to two of the
electrodes (due to problems with forisome immobili-
zation, this experiment was not performed in a mi-
crochannel, but on an open coverslip surface). This
demonstrates its possible use as an electrically driven
actuator in microfluidic systems. The next step would
be to devise a microsystem which is equipped with
planar microelectrodes but whose channels are acces-
sible to introduce the protein aggregate, for which the
MicCell is well suited.

4 Discussion

We present here a novel microfluidic perfusion system
for the microscope whose coverslip is reversibly moun-
ted and whose channel configuration can be freely cho-
sen. The system consists of a computer-controlled,
external fluidic system with one to three syringe pumps
and/or valves, an invariant channel support, which
mediates the installation of a microchannel system into a
microscope, and standardized inlets and outlets (UNF
fittings) connecting the microchannel with external flu-
idics. Thus, it provides a highly modular, easy to mount
system with a standard interface between microfluidics
(of any type and any material) and macrofluidics. To our
knowledge, there is no other comparable microscopic

perfusion system on the market that combines all fea-
tures of our system.

Most applications shown here were realized using
PDMS molding, as this is highly valuable in laboratory
environments and well suited for rapid prototyping due
to its flexibility and ease of use; only a new master for
PDMS molding and minor adjustments of the flow
control software are needed. We present a novel PDMS
casting station that massively simplifies the production
of PDMS microchannels and their integration into a
microscope setup. In addition, a suggestion is made how
one can control biochemical reactions in microchannels
by hydrogel valves. Applications and variations of this
system are endless.

4.1 Setup options

The fluid transport is constant at high to intermediate
flow rates using our current pumps, but smaller syringes
or damping loops can be used or the syringe pumps can
be exchanged with slower or pulsation-free syringe
pumps if slower rates are needed. In general, external
syringe pumps are more reliable and generate higher
pressure than other methods such as piezoelectric pumps
or electroosmosis and provide a higher flexibility be-
cause they can be freely arranged. So gentle handling of
cells, organelles, micro- or nanobeads, and biomolecules
can be achieved—but also the handling of aggressive
chemicals, since no metals come in contact with the
fluid.

Although our channel system is preferentially made
of PDMS because it is easy to fabricate and easy to seal
against a coverslip, other materials can be used. We
have, for example, devised a system in which the PDMS
channel plate is replaced by a glass support (with poly-
mer walls) onto which electrodes can be microstructured
(see Sect. 3.6). This expands the capability of the Mic-
Cell, although here sealing of the channel is slightly
more difficult. In addition, ceramics or hot-embossed or
injection-molded plastics can be used as fluidic ‘‘car-
tridges,’’ and it is possible to mold a PDMS micro-
channel on a coverslip and then clamp this stack into the
microscopy cell, thus making possible the observation of
opaque objects (through the transparent PDMS layer) in
the flow.

PDMS is generally biocompatible, but may cause
problems in some cases, especially when high light
intensities are involved as in fluorescence imaging. It has
been noted that, in addition to photobleaching, the
function of microtubules (but not kinesin) decays rap-
idly in illuminated PDMS channels (Brunner et al.
2004), obviously due to oxygen diffusing through
PDMS. We have experienced the same effect, but have
no problems in all-glass chambers (data not shown). In
this case, other flow cells must be employed: either one
uses a glass-polymer-glass sandwich (see Sect. 2.2) or the
flow cell is set up with double-faced tape as micro-
channel wall (i.e., the microchannel is punched out) that
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is glued onto a slide with pre-drilled boreholes and
capped by a coverslip.

The modularity of the system not only allows rapid
prototyping, but also advanced liquid control by either
external distribution valves or hydrogel microvalves,
both of which can inject reaction partners into the
flowthrough channel, albeit with different dead volumes.
The hydrogel microvalve can be connected to the sample
reservoir via a tube; it can, however, also contain an
open reservoir and filled by a pipette; such a system
could be integrated into a liquid handling system and
would allow screening of, e.g., chemical libraries.

4.2 Applications and outlook

Of the numerous applications, only a few are discussed
here. A first example is high-throughput screening
using FCS of particle suspensions which are identified
on the basis of their fluorescence signals and sorted
shortly thereafter. One could easily search for cells
containing two labels (Fu et al. 1999; Dittrich and
Schwille 2003; Dittrich et al 2004) or for two labels in
close vicinity using FRET. Simpler applications would
use imaging methods for viability and other physio-
logical tests and the determination of the uniformity of
microbeads.

Quite similar would be the handling of microobjects
using laser tweezers (Grier 2003) or dielectrophoresis
(Müller et al. 1999; Duschl et al. 2004). Cell identifica-
tion and sorting can also be achieved by the nonspecific
but quick identification of cancerous or stem cells in the
‘‘optical stretcher’’ (Fig. 9), which requires two opposing
optical fibers that must be aligned to at least 3 lm. By
structuring two ‘‘funnels’’ into the PDMS and adding a
feeding system for the optical fibers, we were able to
reach this accuracy. A useful addition to cell handling
which has not yet been tested would be electroporation
in the flow. Although not addressed here, an obvious
application would be the screening of adherent cells or
tissue slices. Cells are grown outside the channel on a
coverslip which is then attached to the microchannel.
The cells can then be treated with diverse ligands whose
binding can be observed.

Immobilization of biomolecules on the microchannel
surface is possible by letting them flow through the
channel. Flexibility is added by immobilizing them on
the coverslip (e.g., using a microarrayer) before assem-
bling the flow chamber. This could be used to study the
interaction of cells with immobilized proteins and
polysaccharides, e.g., in adhesion assays as described by
Alon and Feigelson (2002). Such assays can be aug-
mented when these molecules are immobilized as a
gradient. We have shown that the formation of con-
centration gradients in microchannels and their immo-
bilization on surfaces is feasible (Fig. 8).

Reactions in the MicCell can be started and stopped
on time with a hydrogel valve, and hydrodynamic flow
fields in different directions can be used for the manip-

ulation of molecules (e.g., DNA, motor proteins, and
other fibers) for the bottom-up construction of nano-
structures and nanomachines. Another use for such a
device would be a miniaturized chamber for chemical
synthesis as described by Kobayashi et al. (2004) or a
chamber to hybridize cDNA to DNA microarrays or to
bind ligands to antibody arrays. Since temperature
control is a prerequisite (as for growing cells), micro-
electrodes can be added to the microsystem, for both
heating and temperature sensing. Microelectrodes can
also be used for dielectrophoretic manipulation of par-
ticles (as described earlier), to control and measure the
pH (e.g., to drive biochemical reactions, see Sect. 3.6),
micro-capillary electrophoresis under microscopic con-
trol, etc.

Higher integration using multiple channels in par-
allel and automatic injection into hydrogel valves via a
liquid handling instrument would add another twist to
this device. An interface to standard microscopes
might also be possible. And finally, it must be men-
tioned that a modular micro-flow cell is not only
useful for microscopy, but also for other physical
methods that work without a microscope, such as
surface plasmon resonance and electrochemical detec-
tion (e.g., of signals from immobilized heart muscle or
nerve cells or other biosensors); experiments in these
directions are under way (not shown). We expect that
many more aspects will be added to this list in the
near future.
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