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The ability to present cells with stimuli that vary in space and time is key for a mechanistic
understanding of dynamic processes such as cell migration, growth, adaptation, and differentiation.
Microfluidic gradient devices that output multiple concentrations of a given compound exist, but
changing the output generally requires a change in flow rates that can be confounding in biological
measurements and/or impractical for high-throughput applications. We present chaotic mixers that
generate multiple, complex concentration gradients that can be smoothly varied in time without
significantly altering the flow rate. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2358194�

Cell-based bioassays consist of measuring cellular re-
sponses to a compound or set of compounds, usually before
and after the compounds are added to the cell culture me-
dium. Multi-well plates and robotic pipetters allow for com-
binatorial testing of compound mixtures or titrations pre-
pared ahead of time, an approach that is becoming
increasingly impractical as bioassay complexity increases
with new genomic and proteomic data. Furthermore, these
traditional cell culture substrates do not allow for testing the
response of cells to biochemical gradients. The ability to
change gradients in time is of great interest in biology be-
cause time is a central parameter in many gradient-directed
cellular processes �such as cell chemotaxis, differentiation,
and growth, via, e.g., desensitization and/or sequential gene
activation� as well as in other processes not directed by gra-
dients �such as adaptation to drugs or chemokines�.

Microfluidic technology offers the possibility of integrat-
ing fluid switching and gradient generators with cell culture
chambers in parallel operation,1–15 thereby reducing reagent
consumption, increasing portability and throughput, and en-
abling focal or graded stimulation compared to traditional
Petri-dish or multi-well cell cultures. Continuous fluid flow
over the cells is imperative to prevent diffusive broadening
of the stimulus in applications such as requiring gradient
formation,3,13 focal stimulation,2,14 or fast fluid
switching.11,15 Since those microfluidic devices have static
architectures, changing the concentration profile inevitably
requires changing the flow rate or the inlet connections, e.g.,
by manipulating the driving pressures or displacement
pumps outside of the device or by activating microvalves
and/or micropumps inside of the device. However, in cell-
based experiments, the flow rate determines other biophysi-
cal parameters that strongly influence cell function, such as
shear forces16–18 and mass transport of necessary soluble
species19 �from nutrients and metabolites to gases�, so a flow
rate change can confound the measurements; for example,
neutrophil migration can be biased towards downstream
when placed in microfluidic chemotactic gradients.20 Impor-

tantly, existing gradient generators can only create mono-
tonic gradients between each pair of inlets13 �one additional
inlet is required for each maximum or minimum in the gra-
dient profile,3� so complex gradients require correspondingly
numerous inlets. �Several general-use combinatorial micro-
mixers have been developed to produce static titrations or
mixtures of compounds in continuous flow;21–28 two
constant-flow on/off micromixer designs exist; one, based on
manually assembled miniature turbines, is not amenable to
parallel fabrication;29 the other one, based on transverse elec-
troosmotic flow, requires electrical fields that are potentially
adverse to cells.30�

Here we present microfluidic “stirrers” ��FS� that �a� do
not require flow rate changes to adjust mixing, and �b� can
generate complex �nonmonotonic� concentration profiles �al-
beit not arbitrarily complex�. As shown schematically in
Figs. 1�a� and 1�b�, the �FS is made by aligning/bonding
three layers that are micromolded in poly�dimethyl siloxane�
�PDMS�: the top layer forms the flow-carrying microchannel
and the bottom layer forms a set of grooves addressed by a
pneumatic line, with a spin-cast thin PDMS membrane
��10 �m thick� sandwiched in between as described
elsewhere.31 The grooves are inactive when the pneumatic
line is not pressurized �Fig. 1�a��. With suction applied to the
pneumatic line, the PDMS membrane deflects downward and
the grooves “appear,” inducing chaotic mixing32 �Fig. 1�b��.
Stroock et al.32 and others33 have shown that �static� micro-
grooves induce a transverse momentum in the flow, thus cre-
ating a “helical” re-circulation �the laminar-flow equivalent
of “stirring”� that enhances mixing; the design is interesting
because the channel length required for full mixing increases
only logarithmically with flow rate �as opposed to propor-
tionally for a smooth-wall microchannel�. The amount of
mixing depends on the design layout �a “striped” pattern is
less efficient than a “herringbone” pattern� and increases
with the depth of the grooves, but the presence of the
grooves does not have a significant effect on the fluid flow
resistance.32 In our �FS, the depth of the grooves can be
tuned but are otherwise of similar dimensions. If needed, the
depth of the grooves can be measured by filling the channel
or the pneumatic line with fluorescein �see below� and com-
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paring the fluorescence signal over and away from the
grooves31 �at P=100 kPa, the deflection is �22 �m;for this
membrane geometry the deflection at the apex is linear with
applied pressure.34�

The device contains a “stripe design” of grooves �45°
angle, 100 �m width, 50 �m max. depth, and 100 �m sepa-
ration� in a 35-mm-long microchannel �200 �m wide,
80 �m high� that ends in multiple outputs �each 10 �m
wide, 20 �m high� �Fig. 1�c��. The outlet channels serve the
purpose of “sampling” the concentration distribution of the
main channel at ten different points, which effectively cre-
ates a different titration in each channel �a “gradient”�. With
a three-inlet channel, the �FS can be used to produce �and
change� combinations of compounds, as illustrated in Figs.
1�d�–1�f� �P=0, 55 and 95 kPa, respectively� with the mix-
ing of three streams of blue and yellow dyes and water. Note
that this device can be considered a gradient generator if the
output channels were merged into one, as is usually done in
other gradient generators.26,28 The change in flow resistance
due to changes in deflection is a small fraction of the total
flow resistance of the whole fluidic network, so the flow rates
�but not the flow patterns� are virtually independent of the
depth of the grooves, in agreement with Stroock et al.32

Similar effects can be achieved with a “herringbone design”
�see Ref. 35�.

For quantitative measurements of concentration profiles,
we introduce fluorescein and water in a two-inlet channel.
Since the charge coupled device camera used for these stud-
ies �Hamamatsu Orca-ER, 12 bit cooled� is highly linear un-
der nonsaturating conditions, the grayscale intensity of any
pixel in the image �after background correction to compen-
sate for stray light and inhomogeneities in illumination� is a

linear function of the fluorescein concentration in the fluid
volume sampled by the pixel. For the flow rates used in this
study, the concentration profile at the end of the channel
takes a few seconds to reach steady state even for fast jumps
in P, a fundamental limitation imposed by the Taylor disper-
sion typical of Pouseuille flow36 �in other words, to the fact
that fluid flows slower close to the walls�; however, the tran-
sition is smooth �see Ref. 35�. To minimize the effect that the
pressure driving the flow has on membrane deflection �i.e.,
no two grooves can be at the same exact pressure differen-
tial�, the pressure driving the flow must be set to be much
smaller than the pressure applied to the membranes; in our
device, even at P=0 the flow-induced residual deflection re-
sulted in negligible stirring.

The �FS can generate complex concentration gradients
that are difficult or impossible to create with other existing
gradient generators. The fluorescence micrographs in Figs.
2�a�–2�c� show the three different concentration profiles gen-
erated with P=0, 60, and 85 kPa, respectively. Figure 2�d�
shows a sequence of plots of the average fluorescence values
in each output channel �obtained at the horizontal dashed line
in Fig. 2�a�� for P=0–100 kPa, illustrating the range of com-
plex shapes �from monotonic to two-maxima gradients, from
decreasing to increasing slopes� that can be obtained with
this design; further increases in P beyond �100 kPa did not
change the gradient appreciably. Note that the largest varia-
tions in shape occur at low P, suggesting that a better strat-
egy to obtain a larger variety of shapes �work under way�
would be to actuate different numbers of individually addres-
sable grooves and/or use the more efficient herringbone de-
sign. Figure 2�e� is a different visualization of the same data
used for Fig. 2�d� to emphasize the variety of temporal se-
quences of concentration values that can be obtained for any
given output channel. The set of output concentrations gen-
erated by each actuation pressure is highly reproducible.
Note that more complex sequences of actuation pressures
could be used to generate more complex temporal sequences
of concentration profiles �i.e., the pressures need not be in-
creased or decreased monotonically�.

In conclusion, we have demonstrated proof-of-principle
microfluidic stirrers that allow for adjusting the degree of
mixing at the outlet in real time by using depth-tunable
grooves on the channel floor. The �FS has three salient fea-
tures: �1� Complex, nonmonotonic gradients are possible
with a simple two-inlet arrangement; �2� The gradients can
be changed with time by changing P; at present, the variety
of gradients that can be achieved is limited; and �3� changing
the gradients does not significantly change the flow rates
because the grooves do not cause a significant change in flow
resistance. Given the chaotic nature of the flow patterns, the
concentration profiles are likely to be a strong function of
fabrication parameters �such as alignment, membrane
thickness/stiffness, and channel dimensions–all of which are
laboratory and/or expertise dependent� and of design layout,
so a full characterization of the device is at present necessary
prior to using the device for any given application. The
present design is limited to ten outputs with all the �stripe�
grooves activated simultaneously. Although the gradients
cannot be generated with arbitrary complexity, in principle
the design could contain many more outputs and grooves of
various shapes could be activated in groups or individually to
obtain a wider variety and finer control of the output concen-
tration profiles. Such complex gradients should allow for

FIG. 1. �Color online� Operation of the �FS. �a� Flow in the microchannel
is not stirred when the PDMS membranes are not pressurized; flow is from
left to right. �b� Flow is stirred when suction is applied to the pneumatic
line, deflecting the membrane downwards �deflection depending on P�,
which forms grooves. �c� Schematic diagram of the �FS �with stripes at 45°
angle, 100 �m wide, 50 �m deep and 100 �m separation�. �d�–�f� Optical
micrographs illustrating temporal sequences of concentration gradients of
yellow dye, water, and blue dye generated by the �FS �the microchannel is
200 �m wide and 80 �m tall; the outlet channels are 10 �m wide and
20 �m tall� when P=0 kPa �d�, 55 kPa �e�, and 95 kPa �f� is applied to the
pneumatic channel; flow is from top to bottom. Scale bar�50 �m.
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probing the effects of nonlinear gradients on cell
chemotaxis.3,37

Furthermore, the ability to change many output concen-
trations in parallel with simple inlet arrangements should
find uses in applications where high throughput is critical,
such as in systems biology, drug/toxicology screening, and
biotechnology �e.g., for optimizing bioreactor and co-culture

medium formulations with multiple growth factors�.
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FIG. 2. �Color online� Parallel generation of multiple time-variable concen-
trations of fluorescein with the �FS. �a�–�c� Fluorescence micrographs of
the device for P=0 kPa �a�, 60 kPa �b�, and 85 kPa �c�; flow is from top to
bottom. Scale bar�50 �m. �d� Plots of relative concentration of fluorescein
as a function of channel number �gradients� for the range P=0–100 kPa; the
three gradients in �a� are highlighted with an arrow; the vertical shading has
been added to emphasize differences in relative concentration. �e� Fluores-
cence intensity values in each of the ten outlet channels vs P �or time�; the
values are normalized to the P=0 kPa value.
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