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Endothelial cell polarization and chemotaxis in a microfluidic device†
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The directed migration of endothelial cells is an early and critical step in angiogenesis, or new
blood vessel formation. In this study, the polarization and chemotaxis of human umbilical vein
endothelial cells (HUVEC) in response to quantified gradients of vascular endothelial growth
factor (VEGF) were examined. To accomplish this, a microfluidic device was designed and
fabricated to generate stable concentration gradients of biomolecules in a cell culture chamber
while minimizing the fluid shear stress experienced by the cells. Finite element simulation of the
device geometry produced excellent agreement with the observed VEGF concentration
distribution, which was found to be stable across multiple hours. This device is expected to have
wide applicability in the study of shear-sensitive cells such as HUVEC and non-adherent cell types
as well as in the study of migration through three-dimensional matrices. HUVEC were observed
to chemotax towards higher VEGF concentrations across the entire range of concentrations
studied (18–32 ng mL−1) when the concentration gradient was 14 ng mL−1 mm−1. In contrast,
shallow gradients (2 ng mL−1 mm−1) across the same concentration range were unable to induce
HUVEC chemotaxis. Furthermore, while all HUVEC exposed to elevated VEGF levels (both in
steep and shallow gradients) displayed an increased number of filopodia, only chemotaxing
HUVEC displayed an asymmetric distribution of filopodia, with enhanced numbers of
protrusions present along the leading edge. These results suggest a two-part requirement to induce
VEGF chemotaxis: the VEGF absolute concentration enhances the total number of filopodia
extended while the VEGF gradient steepness induces filopodia localization, cell polarization, and
subsequent directed migration.

Introduction

Mammalian cell culture is an important and common tool in
modern biology. Microfluidic devices can be very helpful as
platforms for mammalian cell culture because they allow control
over the local microenvironment and greatly reduce the volume
of costly reagents required.1,2 Therefore, microfluidic devices are
particularly well-suited to study the effects of concentration
gradients on cell cultures. Early microfluidic concentration
gradient generators used serpentine inlet channels to create a
stable concentration gradient in a cell culture environment.3

These microdevices have been used to study the differentiation
of neuronal stem cells4 and the migration of neutrophil cells
subjected to a growth factor concentration gradient.5 However
this design requires fluid convection through the cell culture
chamber, which can be a confounding factor in many cell
culture systems. For example, endothelial cells, which line the
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cardiovascular system, will align parallel to the direction of
fluid flow, making it impossible to study chemotactic migration
in these microdevices without the orthogonal influence of
shear stress.6 Similarly, non-adherent cultures, such as embryoid
bodies of stem cells, cannot be studied in microdevices with
continuous flow. Furthermore, the presence of continuous flow
can induce directed migration even in cell types not normally
considered to be shear sensitive.7 An additional limitation of
continuous flow devices is that they are unable to study cell
migration through three-dimensional substrates.

Responding to these limitations, several groups have designed
microfluidic devices that rely solely on diffusion to produce
concentration gradients for various biological applications.8–16

These devices have been used to study bacterial8,9 and
neutrophil10,14,15 chemotaxis. In general, these devices either
require additional fabrication steps to add membranes or
hydrogels into the device, are limited to small cell culture areas
that limit cell migration to one-dimension, or are unable to
maintain equilibrium concentration gradients for long-term
culture. Therefore, our goal is to design a simple microdevice
geometry that is capable of producing a stable concentration
gradient while minimizing fluid convection inside the cell
chamber in order to study endothelial cell migration.

Endothelial cell motility plays an important role in many
biological processes, including wound healing17 and cancer
development.18 In these phenomena, angiogenesis, the forma-
tion of new blood vessels, is required to supply nutrients to
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the developing tissue. An early and critical step in angiogenesis
is the migration of endothelial cells away from existing blood
vessels and into the surrounding tissue.19 Tissue engineering
and regenerative medicine therapies are also dependent upon
endothelial cell migration, as regenerated tissue requires vascu-
larization for survival.19 During endothelial cell migration, cells
may respond to several environmental cues that activate different
types of receptors. These cues include shear stress induced by
fluid motion,6 soluble growth factors,20 and substrate-bound
ligands.21 Studying each of these migration factors indepen-
dently and quantitatively is a critical first step towards analyzing
the role of different cell migration mechanisms and the potential
crosstalk between these systems.22–24

It has been hypothesized that gradients of vascular endothelial
growth factor (VEGF) carried by interstitial flow brings about
the formation of long capillary structures in vivo.25,26 Delivery of
exogenous VEGF is also being explored as a therapeutic factor
to induce angiogenesis in ischemic tissue.27,28 The migration
of human umbilical vein endothelial cells (HUVEC) is a well
studied in vitro model of VEGF chemotaxis in the absence of
shear stress. Shear-free chemotaxis is generally studied using
protocols that generate concentration gradients that continu-
ously change over time, making quantification and long-term
studies difficult (e.g., transwell inserts,29 Boyden chambers,30 and
Zigmond and Dunn chambers31,32). Furthermore, the short half-
life of VEGF under standard cell culture conditions (∼50 min)33

requires constant replenishment for quantitative long-term stud-
ies. Therefore, we propose a simple device to quantitatively study
polarization and chemotaxis of shear-sensitive mammalian cells
using stable, quantifiable concentration gradients of growth
factors that are constantly replenished. In this device, the steady-
state diffusion of guidance cues across the cell culture chamber
creates the concentration gradient while fluid convection is
minimized. The device is composed of two reagent channels
(the source and sink channels), which convey the fluid, and
a cell culture chamber positioned between these two reagent
channels, Fig. 1. The cell culture chamber and the reagent
channels are connected using microcapillaries in order to allow
Fickian diffusion of guidance cues from the source channel
through the cell culture chamber and into the sink channel.
Because the microcapillaries inhibit fluid convection into the
cell culture chamber, the cells experience minimal shear stress.
This simple design provides the opportunity to analyze HU-
VEC polarization and chemotaxis in response to a constant,
quantifiable concentration gradient of VEGF independent from
the effects of physiological fluid shear stress.

In this device, HUVEC showed migration toward higher
concentrations of VEGF when subjected to a 14 ng mL−1 mm−1

gradient for 6 h. However, HUVEC exposed to a shallower
2 ng mL−1 mm−1 VEGF gradient at similar absolute concentra-
tions were not observed to chemotax. Interestingly, the increased
formation of filopodia along the leading edge of chemotaxing
cells was also observed in the steeper VEGF concentration
gradients, showing an active migrating mechanism in the
cytoskeleton of these cells. In contrast, HUVEC exposed to high
VEGF absolute concentrations in shallow gradients displayed
increased numbers of filopodia uniformly distributed around the
entire cell perimeter. Taken together, these results suggest that a
change in VEGF concentration across the surface of a single cell

Fig. 1 Schematic of microfluidic device. (A) Top view, showing
positions of source and sink (reagent) channels and cell culture chamber.
The microcapillaries (5 lm width repeated every 15 lm, not drawn
to scale) connect the reagent channels to the cell culture chamber.
(B) Cross-section view of the device showing the thickness of each layer.
The dashed lines show positions of the inlets and outlets at both ends.

(rather than the absolute VEGF concentration) stimulates the
localization of VEGF-induced filopodia, resulting in cell polar-
ization. The direction of cell polarization positively correlates
with the direction of chemotactic migration. This study suggests
a two-part requirement to induce VEGF chemotaxis: the VEGF
absolute concentration enhances the total number of filopodia
extended while the VEGF gradient steepness induces filopodia
localization and cell polarization.

Materials and methods

Microfluidic device simulation

A finite element model (Comsol, Stockholm, Sweden) was
generated to simulate fluid flow and reagent diffusion in the
device. The steady-state Navier–Stokes equation was solved to
obtain the flow field, and the transient convection–diffusion
equation was solved to obtain the concentration distribution
of reagents in the microfluidic channels. In order to ensure that
the results are independent from the spatial discretization, the
finite element mesh was coarsened and refined by a factor of two
and the simulation was repeated.

Microfluidic device fabrication

The microfluidic chamber was fabricated using standard soft
lithography and micromolding techniques at the Stanford
Microfluidics Foundry clean room. A transparency mask was
printed using a high-resolution printer (Fineline Imaging,
Colorado Springs, CO). Fabrication of master molds was
performed by patterning two layers of negative SU8 photoresist
(MicroChem, Newton, MA) on a silicon wafer (layer 1: SU8–5,
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∼4 lm; layer 2: SU8-100, ∼120 lm). The mold was coated
with chlorotrimethylsilane (Sigma) to allow easy removal of
the polymeric replica. The replica was fabricated using PDMS
(Sylgard 184, Midland, MI) micromolding against the master
mold. Sharpened needles (20 gauge) were used to punch inlets
and outlets to the cell culture chamber and reagent channels.
Both the surfaces of glass and PDMS were treated with plasma
cleaner and brought together to bond irreversibly.

Concentration gradient generation

Tubings (Upchurch Scientific, Oak Harbor, WA) were inserted
into the inlet holes of the device and connected to 100 lL
syringes (Hamilton, Reno, NV) mounted on a syringe pump
(World Prerecision Instruments, Sarasota, FL). Verification of
the reagent concentration distribution was performed using
digital imaging of a fluorescent biomarker which is similar
in size to VEGF protein, FITC-Dextran (MW = 20 kDa,
Sigma). The images for concentration distribution were taken
using a fluorescent inverted microscope (Zeiss, Oberkochen,
Germany) with a CCD camera and analyzed using Matlab for
flow rates ranging from 2–60 nL min−1. To measure the fractional
concentration at each position in the cell culture chamber,
fluorescence intensity of each image pixel was measured and
normalized to the intensity of the solution injected in the
source channel which has the same height as the cell culture
chamber. Control experiments showed the fluorescence intensity
was linearly related to concentration across the range of variables
tested in these studies.

Cell preparation

Human umbilical vein endothelial cells (HUVEC, Lonza,
Walkersville, MD) were grown in Endothelial Growth Medium-
2 (EGM-2, 2% serum, Lonza). The media was changed every
two days, and cells were kept in a humidified, 5% CO2 environ-
ment at 37 ◦C. HUVEC were passaged non-enzymatically using
EDTA solution (Gibco, Grand Island, NY). Passages 2–7 were
used for each experiment, and the behaviour of cells remained
the same during these passages.

Cell viability

Prior to cell seeding, devices were autoclaved. Fibronectin
solution (10 lg mL−1, Sigma) was injected into the cell culture
chamber, incubated overnight, and rinsed twice with phosphate
buffered saline (PBS). Suspended HUVEC (600 000 cells mL−1,
EGM-2) were injected into the cell culture chamber and plug-
pins were used to close the injection ports of the chamber.
The surface of the device was covered with sterile wet gauze to
regulate humidity. Cell viability was assessed by injecting trypan
blue (Gibco) to label dead cells. Control cultures were grown in
standard tissue culture petri dishes coated with fibronectin as
described above (Falcon). Three independent experiments were
performed.

Cell chemotaxis

Suspended HUVEC were injected into the device as above.
After 20 min incubation, HUVEC were observed to adhere to
the substrate and their original positions were imaged using a

phase-contrast inverted microscope (this is designated as t = 0).
Media containing VEGF-A isoform VEGF(165) (50 ng mL−1,
R&D Systems, Minneapolis, MN; hereafter referred to as simply
VEGF) was injected into both inlets of the source channel.
In the sink channel, media without VEGF was injected. The
injection rate was 8 nL min−1, which was shown to give a stable
concentration gradient along the cell culture chamber.

After 6 h, the device was again imaged to determine final
cell positions. The cell culture chamber was divided into four
equal zones transversely. By counting the number of cells in
each zone at t = 0 and 6 h, the net change in the number of cells
was determined. Three to five independent experiments were
performed at each condition.

Fluorescence microscopy

Cells were rinsed several times by injecting PBS into the cell
culture chamber, fixed with 4% paraformaldehyde in PBS for
15 min at room temperature, rinsed twice with PBS, and
blocked with normal goat serum for 2 h. Rhodamine–phalloidin
(Molecular Probes) was injected into the chamber and allowed to
incubate in the dark for 1 h. The chamber was thoroughly rinsed
twice with PBS for 5 min. Next, 6-diamidino-2-phenylindole
(3 × 10−7 M, DAPI, Molecular Probes) was added into the
cell chamber and incubated for 5 min in the dark. Finally,
the cells were rinsed with PBS three times and fluorescently
imaged using the inverted microscope. ImageJ software (NIH
freeware) was used to find the center of mass for each cell to
determine the centerline bisecting the cell perpendicular to the
gradient direction. The total number of filopodia (extensions
with length >3 lm and width <1 lm) for each cell, the number
of filopodia located on the cell side oriented toward the higher
concentration of VEGF, and the number of filopodia located on
the cell side oriented toward the lower concentration of VEGF
were determined.

Statistical analysis

Average and standard deviation of the experimental results are
reported. One-tailed, non-paired student T-test was used to
determine the significance of differences between the net change
in the number of the cells in migration zones and also the number
of filopodia in chemotaxing and non-chemotaxing cells.

Results and discussion

Design and simulation of microfluidic device

The two goals of our microfluidic device design are (1) to
create a stable concentration gradient and (2) to minimize fluid
convection within the cell culture chamber. A finite element
simulation of the device was created to test various design
parameters. In order for the device to be at equilibrium, the
flow rate through the reagent channels must be fast enough
to replenish the source channel with fresh guidance cue and
sweep away guidance cue immediately after reaching the sink
channel. Therefore, the appropriate flow rate to give a uniform
concentration gradient will be dependent on the diffusivity of
the guidance cue. As VEGF is a protein with low diffusivity (D =
9.4 × 10−7 cm2 s−1),34 the flow required to maintain equilibrium
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should be rather slow, so that the diffusion time of VEGF
molecules into the cell chamber is comparable with the VEGF
residence time as it is carried through the reagent channels. To
predict the optimum convection time for VEGF, finite element
simulations were run with injection rates from 2–60 nL min−1. At
the optimum flow rate of 8 nL min−1, the concentration gradient
profile is stable along the entire x-axis of the cell culture chamber,
Fig. 2A. At this flow rate, the VEGF concentration gradient
within the cell culture chamber is predicted to be 26% of the
source concentration per mm, with minimum and maximum
concentrations of 37% and 63%, respectively.

Fig. 2 Simulation results for the microfluidic device. (A) The concen-
tration gradient generated in the cell culture chamber at an injection
flow rate of 8 nL min−1. The normalized scale runs from 100% (1.0, red)
of the source concentration to 0% (0.0, blue) at the sink. (B) Fluid flow
streamlines showing the cross-current flow pattern in the cell culture
chamber produced due to the pressure drop between inlets and outlets.
(C) Absolute value of fluid velocity along the dashed line shown in
B, where the predicted maximum fluid velocity within the cell culture
chamber occurs assuming equal inlet flow rates.

Next, the finite element simulation was used to analyze the
flow profile throughout the device. The maximum fluid speed
within the cell culture chamber was predicted to occur along
the centerline of the device (y = 0.5 mm), Fig. 2B, assuming

equal inlet flow rates in the source and sink channels. (Predicted
streamlines in the sink and source channels have been removed
to highlight the streamlines in the cell culture chamber; see
ESI† for the full Comsol simulation.) Along this centerline,
the predicted maximum fluid speed occurred midway between
the channel inlets and outlets (x = 1, 3 mm). At all locations
within the device, the absolute value of fluid velocity was below
1.5 lm min−1, Fig. 2C. Using this result, it is possible to
approximate the maximum shear stress experienced by cells in
the cell culture chamber. The maximum shear stress value for a
hemispherical cell located in a laminar flow can be estimated as:

where U is the fluid velocity, l is the fluid viscosity, and a
is the average diameter of the endothelial cells.35 Using this
estimation, the maximum shear stress in the cell culture chamber
is ∼10−5 dyn cm−2 for the injection rate used in our experiments
(8 nL min−1). This value is much below the physiological shear
stress applied to endothelial cells in blood vessels (∼12 dyn cm−2)
and also below the shear stress range that can induce cell
alignment (∼3 dyn cm−2).23

Quantification of the concentration gradient

To quantitatively analyze the concentration gradient of
biomolecules in the cell culture chamber, a fluorescent biomarker
was chosen with molecular weight and diffusivity similar
to VEGF (5 lM FITC–Dextran, MW = 20 kDa; VEGF
MW∼20 kDa; D∼9.4 × 10−7 cm2 s−1).34 The concentration
distribution of FITC–Dextran was measured in the middle
and at the ends of the cell culture chamber (x = 0, 2, and
4 mm), Fig. 3A. The width of the selected zones for data
analysis was about 1% of the total channel length, Fig. 3B.
In order to create a stable and uniform concentration gradient
along the x-axis of the cell culture chamber, different injection
flow rates were tested from 2 to 60 nL min−1. Similar to the
simulation results, an injection flow rate of 8 nL min−1 was
shown to generate stable concentration profiles at the selected
inlet and outlet zones, Fig. 3C. At this flow rate, the device
required 45 min to fully develop an equilibrium concentration
gradient that then remained unchanged during the duration of a
typical 6 h experiment (see ESI†). These experimental results
showed excellent comparison with the predicted simulation
values. Based on these results, a flow rate of 8 nL min−1 was
chosen for all subsequent experiments.

Similar linear concentration gradients were obtained when the
cell culture chamber was filled with three-dimensional hydrogel
matrix (data not shown). Therefore, the device geometry creates
a large culture surface (1 mm × 4 mm) with a fully predictable
and stable concentration distribution across the entire culture
chamber. Furthermore, the concentration gradients at the device
inlets and outlets were indistinguishable from one another using
fluorescent quantification, which ensures that cells throughout
the device experience a similar microenvironment. This has
been a confounding factor in experiments using continuous
flow gradient generators, where the gradient steepness contin-
uously declines across the x-axis of the device.7,36 Compared
to other equilibrium, diffusion-based gradient generators, this
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Fig. 3 Concentration gradient profile in the cell culture chamber.
(A) FITC–dextran concentration gradient generated in the cell culture
chamber at an injection flow rate of 8 nL min−1. Circles and triangles
depict the locations where simulation and experimental results were
compared. (B) Representative fluorescent image of the concentration
gradient in the inlet region. The pixel intensity of the concentration
distribution is averaged over the area shown with a dashed line. (C)
Concentration gradient as a fraction of the source concentration at the
inlets (circle = experimental observation, solid line = simulation) and
outlets (triangle = observation, dashed line = simulation) at a flow rate
of 8 nL min−1.

device provides a large cell culture surface and is fabricated
using a single-layer PDMS mold without requiring additional
membrane, filter, or hydrogel components. This simple design is
expected to be widely applicable to the study of cell polarization
and chemotaxis in both two- and three-dimensions of multiple
cell types, including those that are non-adherent or shear
sensitive.

Viability of HUVEC

HUVEC were monitored over 3 days in devices both with
and without fluid flow. In both cases, EGM-2 media without
supplemental VEGF was used. Viability within the device with
flow was comparable to HUVEC viability cultured in standard
petri dishes (∼90%, see ESI†). As expected, the results showed
an increase in viability in the presence of fluid flow in the
reagent channels. This is presumably due to the diffusion of
nutrients into the culture chamber as fresh media is injected
into the reagent channels. At no time point did the cells in
the culture chamber appear to align along the putative cross-
current flow patterns (data not shown). This confirms that our

designed device enables the study of HUVEC polarization and
chemotaxis in the absence of shear-induced alignment.

HUVEC chemotaxis in stable VEGF gradients

To study HUVEC migration in response to VEGF concentration
gradients, media containing 50 ng mL−1 of VEGF was injected
into the source channel at 8 nL min−1 resulting in a gradient of
14 ng mL−1 mm−1 along the y-axis of the cell culture chamber
and an average absolute concentration of 25 ng mL−1. The
maximum concentration in the cell culture chamber (32 ng mL−1)
was chosen to be below the reported VEGF receptor saturation
level for human dermal microvascular cells (40–100 ng mL−1).33

HUVEC distribution in the cell culture chamber was imaged
before and after 6 h of gradient exposure, Fig. 4A, B. The cell
culture chamber was divided into four equal zones transversely,
in order to determine the distribution of cells before and after
chemotaxis. The width of these zones (250 lm) was chosen in
order to be large enough to coarsen the effects of random cell
seeding and produce a uniform initial cell distribution while
being small enough to allow monitoring of migration at multiple
regions across the y-axis of the chamber.

About 7% of HUVEC originally in zone 1 (with the lowest
VEGF concentration) were found to migrate into zones with
higher VEGF concentrations, Fig. 4C. (Note, cells are unable to
enter the microcapillaries that flank the cell culture chamber.)
Similarly, an increase in cell number of ∼11% was found in
zone 4 (the highest VEGF concentration) after exposure to the
gradient. Accordingly, the numbers of cells found in zones 2 and
3 were relatively unchanged during the experiment. This suggests
that approximately equal numbers of cells entered into and
departed each of these zones. Therefore, across the range of abso-
lute concentrations tested (18–32 ng mL−1), HUVEC chemotaxis
remained relatively uniform, suggesting a wide range of VEGF
concentrations is capable of initiating chemotaxis. As a negative
control, the experiment was repeated using basal medium (no
VEGF supplementation) in both the source and sink reagent
channels. In the absence of a VEGF gradient, the HUVEC
distribution remained random throughout the device (see ESI†).

In the above experiments, HUVEC were allowed to adhere
for 20 min on the fibronectin substrate prior to the onset of
VEGF gradient exposure (noted as t = 0 h). To ensure that
HUVEC motility was not artificially enhanced by the short
culture time, this experiment was repeated after HUVEC were
given 24 h to firmly adhere to the fibronectin substrate and
form strong focal adhesion sites with the matrix. Similar to the
previous results, about ∼6% of HUVEC originally in zone 1 were
found to migrate into zones with higher VEGF concentrations,
the number of cells in zones 2 and 3 remained unchanged,
and an increase in cell number of ∼7% was found in zone 4,
Fig. 4D. These results suggest that a 20 min adhesion time
is sufficient for HUVEC to adhere firmly to the fibronectin
substrate. HUVEC adhesion to fibronectin is mediated through
multiple cell-binding domains that are recognized by cell-surface
integrin receptors. Integrins are heterodimeric transmembrane
proteins that mediate both cell adhesion and migration. Multiple
integrin receptors have been implicated in angiogenesis,37,38 and
VEGF is known to activate at least one fibronectin integrin, a5b1,
to enhance HUVEC adhesion and migration on fibronectin.37
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Fig. 4 HUVEC chemotaxis in the cell culture chamber. (A, B)
Representative phase contrast images of cell positions at time = 0,
6 h during chemotaxis (gradient = 14 ng mL−1 mm−1, average absolute
concentration = 25 ng mL−1). The cell culture chamber is divided into
four equal zones transversely in order to determine the distribution of the
cells before and after migration. The arrow points toward higher VEGF
concentrations. (C–F) The net change in the number of cells within each
zone under various concentration conditions. Data represent averages
of n = 3–5 independent experiments ± standard deviation. *Statistically
significant, p < 0.05.

VEGF activation of multiple integrin heterodimers is mediated
by the VEGFR2 receptor via a PI3-kinase signalling pathway
that can also enhance HUVEC migration on other extracellular
matrix substrates such as vitronectin and type I collagen.37 Our
simplified model of HUVEC chemotaxis on fibronectin takes
a reductionist approach to begin to quantitatively elucidate the
requirements for VEGF-induced chemotaxis. In future studies,

complexity can be systematically introduced into the model (for
example, by testing various ligand densities23,37 and mixtures
of matrix substrates to more accurately reflect the in vivo
environment) to determine the quantitative effects on VEGF-
mediated chemotaxis.

Previous results have demonstrated that a minimum VEGF
gradient >25 ng mL−1 mm−1 is required to induce align-
ment of three-dimensional endothelial cell sprouting with an
absolute concentration of 100 ng mL−1.33 To determine if
a similar threshold gradient response is required to induce
two-dimensional HUVEC polarization and chemotaxis, we
reduced the concentration gradient by an approximate order
of magnitude to 2 ng mL−1 mm−1. The VEGF concentrations
for the sink and source channels were chosen to yield average
absolute concentrations equal to that within zone 1 and zone 4
of the previous experiments, 20 and 30 ng mL−1, respectively. At
both low and high absolute VEGF concentrations, the shallow
2 ng mL−1 mm−1 VEGF gradient was unable to induce HUVEC
chemotaxis, Fig. 4E and F, respectively. Therefore, similar to
the orientation of three-dimensional endothelial cell sprouting,
two-dimensional HUVEC chemotaxis also displays a minimum
threshold gradient response (∼14 ng mL−1 mm−1) that is similar
in magnitude.

Filopodia extension in VEGF gradients

Endothelial cell migration requires proper rearrangement of the
cellular cytoskeleton. Upon VEGF exposure, actin filaments
are rapidly phosphorylated and filopodia sprouting begins to
occur.39 These finger-like structures help to attach the migrating
cells to the substrate and to transfer the stress from the
leading edge to the cell cytoskeleton.40,41 It is hypothesized
that an abundance of filopodia on a cell tip is indicative of
an active migratory mechanism within that cell.39 Furthermore,
asymmetric filopodia sprouting around the cell perimeter may
be a critical step in directing migration towards or away from a
chemotactic cue. To assess these hypotheses within our system,
the cytoskeletal morphology was compared between HUVEC in
the presence (Fig. 5A) and absence (Fig. 5B) of various VEGF
gradients. The total number of filopodia extended by HUVEC
exposed to all VEGF gradients (both shallow and steep) was
significantly greater than the number of filopodia counted on
HUVEC without VEGF stimulation, Fig. 5C. Within the VEGF
gradients, no difference in the number of filopodia was observed
for cells across zones 1–4 (data not shown). Therefore, the entire
range of absolute VEGF concentrations tested (18–32 ng ml−1)
all resulted in enhanced filopodia formation compared to no
VEGF exposure.

Further analysis was performed on the cells exposed to
the VEGF gradients to determine if filopodia extension was
asymmetric around the cell perimeter resulting in a polarized
cell morphology. The digital image of each cell was bisected
through its center of mass perpendicular to the direction
of the concentration gradient, separating the cell perimeter
into a leading edge (0–180◦) and trailing edge (180–360◦) of
migration. A significantly larger number of filopodia were found
to occur along the HUVEC leading edge under VEGF gradients
that were previously shown to induce chemotaxis (gradient =
14 ng mL−1 mm−1), Fig. 5D.
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Fig. 5 HUVEC filopodia extension. (A, B) Representative fluorescent micrographs of HUVEC in the presence (A) or absence (B) of a VEGF
gradient, 14 ng mL−1 mm−1. Nuclei shown in blue and actin cytoskeleton in red. Direction of VEGF gradient is shown by the thick white arrow. Each
cell is bisected into two zones (dashed line) through the center of mass (white circle). Filopodia with length >3 lm and width <1 lm are indicated
by fine white arrows. (C) Total number of filopodia in cells subjected to various VEGF concentration profiles. (D) Filopodia orientation in cells
subjected to various VEGF concentration profiles. Cells are bisected as shown in panels A and B; 0–180◦ = higher VEGF concentration, 180–360◦ =
lower VEGF concentration. Data represent averages of n >70 cells ± standard deviation. *Statistically significant, p < 0.001.

In contrast, filopodia were uniformly distributed around
the perimeter of HUVEC without VEGF stimulation or with
VEGF gradients too shallow to induce chemotaxis (gradient =
2 ng mL−1 mm−1). Therefore, cell polarization due to asymmetric
filopodia sprouting was observed to correlate with VEGF
chemotaxis. In addition, the nuclei of chemotaxing cells were of-
ten located near the trailing edge of the cell perimeter, as opposed
to the center of the cytoplasm in non-chemotaxing cells, Fig. 5A,
B. Taken together, these observations demonstrate that HUVEC
across a range of VEGF concentrations and gradients display
an actively migrating morphology with enhanced numbers of
filopodia extensions. However, a minimum gradient steepness
(∼14 ng mL−1 mm−1) is required to localize these filopodia along
the cell perimeter, resulting in cell polarization and directed
migration. These findings suggest that a change in VEGF
concentration across the surface of a single cell (rather than the
absolute VEGF concentration) stimulates filopodia localization,
and the direction of filopodia extension correlates with the
direction of chemotactic migration. These results further suggest
that there may be two separate requirements for a VEGF
concentration profile to induce HUVEC chemotaxis. First, the
absolute concentration must be sufficient to increase filopodia
extension. Second, the concentration gradient must be steep
enough to induce filopodia localization and cell polarization.

Conclusion

In this study, we report the design and validation of a simple
microfluidic device capable of producing a stable concentration
gradient within a cell culture chamber. The principles guiding
this design are similar to other gradient generators that rely
solely on Fickian diffusion to establish the concentration
gradient;8–16 however, our design has the additional combined
advantages of producing a constant gradient at equilibrium
(allowing study of cellular phenomena across hours and days), a
simple, one-step PDMS fabrication without requiring additional
components such as membranes or hydrogels, and a large cell
culture area (1 mm × 4 mm) to allow visualization of multiple
migrating cells in both two-and three-dimensions. Because this
microfluidic design operates at steady-state, the device is capable
of producing a stable, quantifiable concentration gradient in the
cell culture chamber for an indefinite length of time. The design
also restricts fluid convection into the cell culture chamber,
making the device ideal for studies of shear-sensitive cell types
such as endothelial cells and non-adherent cells. This simple
device may also be used to study the effects of autocrine and
paracrine cell signalling inside the cell culture chamber10 as well
as the study of three-dimensional migration through hydrogels
loaded into the cell culture chamber, thus mimicking the in vivo
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cellular environment. In addition, due to the simple fabrication
process, the device can be easily altered to produce an array
of competing concentration gradients to study the potential
competition or synergy between multiple factors. Therefore, this
microfluidic device is expected to be widely applicable to the
quantitative study of a range of cell biology questions.

As validation of the microfluidic device, HUVEC polarization
and chemotaxis in response to VEGF stimulation was stud-
ied quantitatively. HUVEC migration towards higher VEGF
concentrations occurred within a 14 ng mL−1 mm−1 gradient
but was absent from a 2 ng mL−1 mm−1 gradient at similar
VEGF absolute concentrations. This suggests that the slope of
the concentration gradient is an important criterion in inducing
chemotaxis. HUVEC exposed to VEGF gradients with an
absolute concentration of at least 20 ng mL−1 displayed higher
numbers of filopodia than cells without VEGF stimulation.
Along the leading edge of chemotaxing HUVEC, localization of
filopodia was observed. These results suggest that the presence
of a VEGF concentration gradient across the surface of a
single cell, rather than the absolute VEGF concentration,
induces HUVEC polarization, while the absolute VEGF con-
centration enhances the overall number of filopodia extensions.
Therefore, the VEGF concentration profile requirements to
induce HUVEC chemotaxis may be two-fold: first, the absolute
concentration must be sufficient to stimulate enhanced filopodia
formation, and second, the concentration gradient must be steep
enough to induce filopodia localization, cell polarization, and
subsequent directed migration. Ongoing studies will utilize a
single cell tracking system to follow an individual cell’s path
during chemotaxis to further test these hypotheses across a wider
range of absolute concentrations and concentration gradients.
These studies will allow quantification of the minimum absolute
concentration and minimum concentration gradient required to
induce polarization and chemotaxis as well as measurement of
the average cell migration speed and cytoskeletal rearrangement
over time. We are especially interested in determining if the in-
creased number of filopodia displayed by cells under conditions
with high VEGF concentrations but gradients below the mini-
mum chemotaxis threshold have an increased random migration
speed compared to non-stimulated cells. These studies are
expected to yield new insights into the amplification mechanism
underlying VEGF signalling and subsequent endothelial cell
polarization and chemotaxis, a process critical to angiogenesis.
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