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Although a wealth of knowledge about chemotaxis has accumulated in the past 40 years, these studies have been
hampered by the inability of researchers to generate simple linear gradients instantaneously and to maintain them
at steady state. Here we describe a device microfabricated by soft lithography and consisting of a network of
microfluidic channels that can generate spatially and temporally controlled gradients of chemotactic factors. When
human neutrophils are positioned within a microchannel, their migration in simple and complex interleukin-8 (IL-8)
gradients can be tested. The cells exhibit strong directional migration toward increasing concentrations of IL-8 in
linear gradients. Neutrophil migration halts abruptly when cells encounter a sudden drop in the chemoattractant
concentration to zero (“cliff” gradient). When neutrophils are challenged with a gradual increase and decrease in
chemoattractant (“hill” gradient), however, the cells traverse the crest of maximum concentration and migrate further before reversing direction. The technique described in this paper provides a robust method to investigate
migratory cells under a variety of conditions not accessible to study by earlier techniques.

Chemotaxis is the process of directed migration by cells in gradients
of soluble molecules termed chemoattractants. This process is fundamentally important in cancer metastasis1, embryogenesis2, and
wound healing3. Chemoattractants and their receptors have been
well characterized in recent years and are potential therapeutic targets for intervention in wound healing, cancer, and inflammation4–6.
Over the past 40 years, several approaches7 have been developed
to study chemotaxis, including Boyden chamber8, collagen or fibrin
gel9, under agarose10, orientation11, capillary12, and Dunn chamber13
assays. In most of these assays, the gradients generated typically are
not linear and change with time and position; an exception is the
Dunn’s chamber assay, which offers an improved methodology with
an initial stabilization period followed by a slowly decaying gradient. Despite the knowledge about chemotaxis gained using these
methods, further studies require the ability to instantaneously generate linear and complex gradients and maintain them at steady
state. Linear steady-state gradients would provide an excellent
model system to study the mechanism of cell motility under welldefined conditions.
Microfabrication has great promise for creating and controlling
microenvironments in which cell behavior can be observed in real
time14,15. Soft lithography with polydimethyl siloxane (PDMS) is
customarily used as a stamping technique to prepare surfaces that
are in a quasi-two-dimensional array. It has been extended recently
to include three-dimensional micromolding15, making it possible to
generate stable soluble or surface-adsorbed gradients with a
microfluidic system14.

We have used this technology to generate stable, soluble chemoattractant gradients. These gradients were produced by controlled diffusive mixing of species in solution that flow inside a network of
microchannels under conditions of low Reynolds number. We
adapted the above method to study neutrophil chemotaxis by generating soluble linear gradients of IL-8 (refs 16–19). Two important
biological observations were made: first, a population of neutrophils
in stable chemoattractant gradients migrated in a propagation pattern; and second, when confronted with heterogeneous gradients,
neutrophils exhibited unexpected behaviors, suggesting a sophisticated cellular sensing mechanism.

Results
Microfluidic gradient generator. The microfluidic gradient generator used in this study14 (Fig. 1) is composed of a piece of PDMS
(25 × 50 mm) with an embedded network of microchannels bonded
to a glass coverslip. The microfluidic network within the PDMS consists of a gradient-generating portion (Fig. 1A) and an observation
portion (Fig. 1B). The gradient-generating portion incorporates a
branched network of microchannels (50 µm wide) immediately downstream of the chemoattractant inlets. This pyramidal branched array of
microchannels serves to split, combine, and mix fluid streams as they
flow through the network of microfluidic channels. Each resulting
microchannel contains a different proportion of the chemoattractant,
and these are recombined in the main channel (500 µm wide) such that
the concentration gradient is perpendicular to the chemoattractant
flow and the gradient is maintained throughout the length (several mil-
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Figure 1. Schematic representations of the gradient generator and gradient characterization. (A) Top view of the whole device consisting of the gradientgenerating and observation portions. (B) Three-dimensional schematic representation of the observation portion in which cells are exposed to gradients
of chemoattractants. (C) Fluorescent tracer (FITC-dextran, relative molecular mass = 8 kDa) studies were carried out to characterize linear gradients
generated across a channel width of 350 µm. Fluorescent intensities were recorded at 5-min intervals from t = 0 min to t = 60 min after the establishment
of the gradient. The intensities were normalized and time averaged and plotted as a function of channel width. (D) Similar results were obtained for hill
(see text for details) gradient generated across a channel width of 500 µm. (E) Similar results were obtained for cliff (see text for details) gradients
generated across a channel width of 350 µm.

limeters) of the main channel. The main channel serves as the observation portion in which the cells are placed. In most cases, the cells are
placed at one side of the observation area using a separate inlet located
next to the gradient-forming region. In some experiments, the cells are
randomly seeded throughout the observation channel. For experiments in which a single, uninterrupted linear gradient of chemoattractant is tested (Fig. 1C), the device consists of dual inlets with Hank’s
balanced salt solution (HBSS) alone at one inlet and chemoattractant
in HBSS at the other inlet14,15. For experiments in which either a cliff or
hill gradient is needed, additional arrays of microchannel networks are
used. By placing two linear gradient–generating networks in parallel
along the migration path in a “head to head” configuration, we
obtained a hill-type gradient (Fig. 1D), in which the IL-8 concentration
increased linearly from 0 ng/ml to 50 ng/ml to a point midway in the
channel, and then dropped linearly to 0 ng/ml. A related configuration,
also involving parallel gradient-generating networks but this time in
a “head to tail” arrangement, was used to obtain a cliff-type gradient,
in which the IL-8 concentration increased linearly from 0 ng/ml to
50 ng/ml to a point midway in the channel, dropped precipitously to
0 ng/ml, and then increased linearly to 50 ng/ml (Fig. 1E). Figure 1C, D,
and E shows experimental linear, hill, and cliff gradients in the device as
monitored with fluorescent tracers. The average standard deviation of
the gradients over a period of 60 min is about 7%, with no particular
temporal trend, as determined by analysis of variance (ANOVA).
Migration in stable linear gradients. We chose neutrophils as model
cells because they represent an important physiological system3,20. As a
chemoattractant, we selected interleukin-8 (IL-8, 8 kDa), a heparinbinding polypeptide prominently expressed by lipopolysaccharidestimulated human monocytes and belonging to the C-x-C family of
chemokines21–23. We placed neutrophils inside the channels and followed their migration in uniform and linear gradients of IL-8 (Fig. 2).
At the beginning of each experiment (Fig. 2, left panels), cells were
Table 1. Chemotaxis parameters of neutrophils
Gradient

5
50
500

Chemotactic flux

Chemotaxis coefficient

1.2
5.5
6.0

12.0
5.8
0.6

Chemotactic flux is obtained by calculating the initial average speed of neutrophil density data at different homogeneous linear gradients (Fig. 3).
Chemotaxis coefficients were obtained by dividing the chemotactic flux by the
corresponding gradient25.
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distributed either randomly (Fig. 2B, left) or deposited at the side of
the migration chamber experiencing zero concentration of IL-8
(Fig. 2A, C, D, left). When IL-8 (50 ng/ml) was distributed uniformly
throughout the chamber, the initial narrow band of cells broadened
across the channel after 90 min (Fig. 2A, right as compared with left),
serving as a control for chemokinesis. When cells were initially distributed evenly throughout the channel and a linear gradient of IL-8
(50 µg/ml per 500 µm) was imposed, the neutrophils migrated toward
the higher concentration of IL-8 (Fig. 2B). When cells were positioned
at the lower IL-8 concentration side first and then subjected to a linear
increase in IL-8 (0–50 ng/ml), the cells moved toward the higher IL-8
concentration (Fig. 2C). When the linear gradient was reversed so that
the cells were attached initially in an environment of high IL-8 concentration, the initial band of cells spread out only slightly in the bottom half of the channel, indicating the net effect of random migration
coupled with chemotaxis (Fig. 2D).
Next we assessed the normalized concentration of neutrophils as a
function of channel length at time points 0, 10, 20, and 30 min, and
under linear gradients 5, 50, and 500 ng/ml per 500 µm (Fig. 3). We
chose linear gradients to show the efficacy of the device in generating
such gradients and also to simplify the solution of the mathematical
model for chemotaxis to estimate biophysical parameters such as the
chemotaxis coefficient. The specific gradients were selected based on a
study by Foxman et al.24. The initial cell band moved in the direction of
higher concentration of IL-8. Our results show that as the cells migrate
through a gradient from 5 to 500 ng/ml per 500 µm, the average migration speed also increases. Notably, the change in migration rate is more
dramatic in the portion of the gradient between 5 and 50 ng/ml per
500 µm than in the portion between 50 and 500 ng/ml per 500 µm.
The chemotaxis coefficient, χ, is defined as the flux of neutrophils per
unit gradient in the absence of random motility. Chemotaxis flux is
the product of the chemotaxis coefficient and the chemoattractant
concentration gradient, and is directly proportional to the number of
cells migrating under chemotaxis. Values of χ were calculated from the
initial average speeds as a function of the chemoattractant gradients25
(Table 1). The chemotaxis coefficient decreased with increasing
chemoattractant gradient, a fairly common observation that suggests
downregulation and saturation of receptor binding26. The chemotactic
flux, on the other hand, increased as the gradient increased from 5 to
50 ng/ml per 500 µm but did not change as the gradient increased further, suggesting saturation of the signals effecting neutrophil motility
at IL-8 concentrations >50 ng/ml per 500 µm.
Migration in complex gradients. Neutrophils migrating near an
injury site are likely to be exposed to complex spatial patterns of
chemoattractant. Using gradient-generating networks in parallel, we
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Figure 2. Neutrophil chemotaxis in homogeneous linear IL-8 gradients.
Micrographs show cells at the beginning of each experiment (0 min; left
panels), when they were distributed either randomly (B) or deposited at
the bottom of the field of view (A, C, D), and at the conclusion of each
experiment (90 min; right panels). (A) Random migration of neutrophils
studied as a control in which IL-8 (50 ng/ml) was distributed uniformly
across the channel. (B) Directed migration when cells were seeded evenly
throughout the channel and a linear concentration gradient of 50 ng/ml
per 500 µm was applied. (C) Migration subjected to a linear increase in
IL-8 (0–50 ng/ml). (D) Neutrophil migration when the linear gradient was
reversed so that the cells were attached initially in an environment of high
concentrations of IL-8 (D, left). Bar, 200 µm.

obtained cliff- and hill-type gradients. When neutrophils were tested
in a cliff gradient, many of the cells migrated up the gradient to a
point coinciding with the edge of the cliff, but not farther (arrow in
Fig. 4A). Analysis of individual cell tracks indicated that cells, when
exposed to a sudden drop in concentration of IL-8, did not go over
the locus of the maximum concentration (dashed line in Fig. 4B).
Notably, a different behavior was observed when neutrophils encountered the hill gradient. This time the cells clustered in the middle of
the channel (Fig. 4C). Furthermore, they were observed to migrate
over the locus of the maximum concentration before turning around
to move towards the maximum concentration of IL-8, indicating that
they overshot the maximum concentration and moved for some time
after being exposed to a negative gradient (one of decreasing concentration; Fig. 4D). Figure 4E shows snapshots of a single neutrophil
(arrow) that reversed direction after it overshot the maximum concentration. The average time until cells (n = 6) reversed direction was
∼27.2 ± 12.2 min (mean ± s.d.). Figure 4F shows migration speed of
an individual cell as a function of channel width. Analysis of migratory speed data of individual cell tracks in hill experiments yielded an
initial average speed of 7.9 ± 1.8 µm/min (n = 7), which corresponds
to a chemotaxis coefficient of 6.6 × 10–7 mm2 ml s–1 ng–1. This is similar to the coefficient obtained from the results of migration in a
homogeneous linear gradient of 50 ng/ml per 500 µm (Table 1).
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Figure 3. Quantification of neutrophil migration in homogeneous linear IL-8
gradients. At the beginning of each experiment, neutrophils were placed as a
band along the side of the migration chamber that was exposed to zero IL-8
and a linear IL-8 concentration gradient was established in the chamber.
Digital images of neutrophil migration were recorded at 20-s intervals and
analyzed offline to obtain normalized cell concentration as a function of
position and time. (A), (B), and (C) show neutrophil density data as a function
of channel width at time points 0 (), 10 (), 20 (), and 30 () min under
IL-8 gradients: 5 (number of independent experiments: n = 2), 50 (n = 8), and
500 (n = 6) ng/ml per 500 µm, respectively. Error bars show ± s.d.

Discussion
The chemotaxis device we describe can be used to generate stable gradients, manipulate the microenvironment of cells, and study the basic
mechanisms of cell migration in real time. Its underlying principle is
the use of low–Reynolds number flows to overcome diffusive forces
and maintain the shape of the gradients in a microscale flow channel14.
A key feature of the device is its ability to attain a steady state in which
the concentration of chemoattractant at any position in the gradient is
stable. This is accomplished by laminar flow, in which multiple
streams of solutions containing different concentrations of chemoattractant flow side by side without turbulent mixing. Strict control of
the composition of each of these streams is possible through an array
of precisely defined branch points interspersed between a network of
serpentine capillaries14. Despite the need for continuous flow
through the system, the wall shear stress experienced by the cells is
minimal (<0.1 dynes/cm2), well below the magnitude of shear forces
(≥10 dynes/cm2) experienced by endothelial cells in vessels.
One potential problem with our device is gradient smearing due to
the diffusion of chemoattractant at the device surface27 when streams
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the chemotaxis coefficient, χ, is
possible without prior knowledge
of parameters such as the value of
the random motility coefficient
and its variation with the chemoattractant concentration25 (Table 1).
The first step in IL-8-induced
neutrophil chemotaxis is the ligation of the C-x-C receptors (IL-8RA
and IL-8RB) on the cells30–32.
Gradient steepness and mean agonist concentration are two of the
most important parameters deterD
F
C
mining a neutrophil’s ability to orient in a gradient20,33,34. The Kd for
IL-8 receptors on isolated neutrophil membranes ranges from 5
to 12.4 nM35. We observed the
maximal chemotaxis coefficient in
a linear gradient with a maximum
concentration of 6.3 nM (50 ng/ml),
whereas the lowest gradient
(0–0.63 nM) was entirely below the
Kd range and ∼80% of the highest
gradient (0–63 nM) was above the
range. This receptor saturation at
the highest gradient could directly
Figure 4. Neutrophil chemotaxis in heterogeneous linear IL-8 gradients. Cliff- and hill-type gradients were
cause the observed reduction in
obtained by placing two linear gradient generators in parallel. At the beginning of each experiment, neutrophils
were placed as a band along the side of the migration chamber that was exposed to zero IL-8. Digital images of
the chemotactic coefficient.
neutrophil migration were obtained at 20-s intervals and recorded as cells were subjected to cliff- and hill-type
Our observations of neutrophil
gradients. (A) Neutrophils at the end (60 min) of exposure to cliff-type gradient. Bar, 200 µm. (B) Tracks of cells
migration in gradients with comexposed to cliff-type gradient. (C) Neutrophils at the end (60 min) of exposure to hill-type gradient. Bar, 200 µm.
plex shapes raise the possibility that
(D) Tracks of cells exposed to hill-type gradient. (E) Snapshots of a single neutrophil (arrow) that reversed
direction after it overshot a hill-type gradient. Bar, 20 µm. (F) Migration speed of an individual cell in hill gradients
these cells are far more adaptive to
as a function of channel width. Speeds were calculated from individual cell track data that were obtained every
nonlinear environmental cues than
20 s and filtered using Savitzky–Golay algorithm (Igor Pro, Wavemetrics, Lake Oswego, OR).
has been thought previously. We
report here that neutrophils can
of different compositions are merged at the end. An expression that
detect a precipitous drop in concentration of IL-8, which they do not
predicts the thickness of the diffusional band at the surface is27
overshoot (Fig. 4B). A more gentle decrease in chemoattractant within
δ = (DHz/Ua)1/3
the gradient results in the cells overshooting the locus of maximum IL-8
where δ is the thickness of the diffusional band at the surface, D is
concentration (Fig. 4D). Taken together, the data from both types of grathe diffusion coefficient of IL-8 (2.5 × 10–6 cm2/s; ref. 28), H is the
dients suggest a sensing mechanism in cells that has not been previously
channel height (50 µm), z is the distance from the location of mergdescribed.Alternatively, cell behavior in the “hill”gradient (Fig. 4D) may
ing of individual streams (100 µm) and Ua is the average velocity
reflect a sluggish control mechanism within the cell. Notably, neu(0.1 cm/s). The above expression predicts a diffusional band of 11 µm
trophils have been shown to migrate down a local chemoattractant grathickness when two streams merge, and the net diffusional band
dient in the presence of two competing chemoattractants24. Our results
show that neutrophils can transiently migrate down the hill gradients
thickness is ∼10% of the channel width. We consider this too small
even when only one chemoattractant is present. These data suggest that
to have a major effect on the net concentration profile.
cells are responsive to local differences in chemoattractants.
In conventional studies of neutrophil chemotaxis, the cells are
Our data demonstrating that neutrophils are capable of complex
placed at one location and the chemoattractant at another to start the
migratory behavior raises the question of whether these results are
experiment. The chemoattractant diffuses into the substrate as the
physiologically relevant. Recent data demonstrate that soluble morcells migrate, resulting in time-variant concentration profiles and graphogen gradients are generated in developing embryos36,37. A careful
dients of the chemoattractant. These conditions are not ideal for
study of bicoid deposition in Drosophila embryos demonstrated an
studying chemotaxis, as they typically yield only qualitative results; to
exponential, anterior–posterior gradient of this morphogen38. In
describe the temporal and spatial variation of the chemoattractants
29
most instances, the concentration of chemoattractant is complicated
quantitatively, mathematical models must be used extensively . This
qualitative approach can introduce significant error in the estimation
by factors such as local degradation and/or endocytosis as well as
of parameters of chemotaxis. In Dunn’s chemotaxis chamber13, slowly
sequestration within the extracellular matrix. Indeed, a recent paper
changing gradients, with a half-life of decay estimated to be several
demonstrated differences in the angiogenic activity of alternatively
hours, can be obtained after an initial dynamic stabilization period of
spliced forms of vascular endothelial growth factor (VEGF) dependabout an hour. Although our device is more complex, it establishes the
ing on their location relative to the tumor source39. The more soluble
isoforms promoted endothelial cell migration at a distance, whereas
desired profile instantly and remains stable as long as flow is mainthose that bound matrix were more effective closer to the tumor
tained (Fig. 1C, D). Because the technology described here generates
source. We speculate that chemoattractants are likely to adopt peristable linear gradients and provides the opportunity to observe and
odic shapes at sites of inflammation, given their differential synthesis
record migration in real time, an accurate and direct quantification of
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by point sources (cells) versus tissues (such as epithelium) and their
selective degradation or retention by the extracellular matrix.
The microfluidic chemotaxis device and the assay described here
provide an experimentally robust and highly adaptable method to
study the behavior of chemotactic cells. In combination with other
soft lithographic methods such as patterning cells, surfaces, and biomaterials, the microfluidic chemotaxis chamber will provide a basis
for studying dynamic phenomena in cell biology or in tissue engineering applications. It should also facilitate massively parallel
screening of candidate drugs that modulate chemotaxis.

Experimental protocol
Fabrication and characterization of chemotaxis device. The microfluidic
chemotaxis device was fabricated in PDMS using rapid prototyping and soft
lithography19. The PDMS piece, with embedded microchannels and holes for
the inlet and outlet ports, and a glass cover slip (25 mm × 50 mm) were treated in an oxygen plasma generator (150 mTorr, 100 W) for 1 min, after which
they were placed against each other and irreversibly bonded. Polyethylene
tubing with an outer diameter slightly larger than the inner diameter of the
inlet port was inserted into the hole to make the fluidic connections. The
pieces of tubing were then connected to a syringe pump containing medium
and chemoattractant to complete the setup.
The cells were placed in the main channel immediately after the final
recombination of the microchannels and allowed to migrate in a gradient of
soluble chemical factors. Individual cells were followed using a tracking program (MetaMorph, Universal Imaging, Downington, PA). More than 95% of
cells remained alive (Live/dead assay, Molecular Probes, Portland, OR) and
motile during the entire period of experiment.
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Device characterization was carried out using a fluorescent tracer, 10 kDa dextran-FITC (Sigma, St. Louis, MO). Fluorescent images were obtained at 5-min
intervals from 0 to 60 min after the establishment of the gradient. Image
analysis was carried out to obtain fluorescent intensities as a function of the
width of the channel using Scion Image (Scion Corporation, Frederick, MD).
Isolation of neutrophils. Human whole blood was obtained from healthy volunteers by venipuncture into tubes containing sodium heparin (Becton Dickinson,
San Jose, CA). Neutrophils were isolated by centrifugation of a tube containing
7 ml of whole blood layered over 4 ml of Mono-Poly Resolving Media (ICN,
Irvine, CA) for 30 min at 2000 rpm (500g). The band of cells containing neutrophils was collected, washed several times, and resuspended in HBSS
(Invitrogen, Carlsbad, CA) with 2 mg/ml of BSA (Sigma). Preparations contained >95% neutrophils, as assessed by staining with Wright’s stain (Sigma).
Preparation of chemoattractant. Solutions of IL-8 (Sigma, concentrations: 5,
50, and 500 ng/ml) in HBSS were made and stored at –20°C until use.
Time-lapse microscopy, image acquisition, and analysis. Neutrophils were
observed in a Zeiss Axiovert microscope (Zeiss, Thornwood, NY) through a 20×
objective (Plan-Neofluar, Zeiss). Phase contrast images of neutrophils were
taken every 20 s using a charge-coupled device camera (Hamamatsu,
Hamamatsu, Japan). Image analysis was carried out using MetaMorph software.
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