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Abstract
We devise a novel assay that introduces micro-architectures into highly confining microchannels to probe the decision
making processes of migrating cells. The conditions are meant to mimic the tight spaces in the physiological environment
that cancer cells encounter during metastasis within the matrix dense stroma and during intravasation and extravasation
through the vascular wall. In this study we use the assay to investigate the relative probabilities of a cell 1) permeating and
2) repolarizing (turning around) when it migrates into a spatially confining region. We observe the existence of both states
even within a single cell line, indicating phenotypic heterogeneity in cell migration invasiveness and persistence. We also
show that varying the spatial gradient of the taper can induce behavioral changes in cells, and different cell types respond
differently to spatial changes. Particularly, for bovine aortic endothelial cells (BAECs), higher spatial gradients induce more
cells to permeate (60%) than lower gradients (12%). Furthermore, highly metastatic breast cancer cells (MDA-MB-231)
demonstrate a more invasive and permeative nature (87%) than non-metastatic breast epithelial cells (MCF-10A) (25%). We
examine the migration dynamics of cells in the tapered region and derive characteristic constants that quantify this
transition process. Our data indicate that cell response to physical spatial gradients is both cell-type specific and
heterogeneous within a cell population, analogous to the behaviors reported to occur during tumor progression.
Incorporation of micro-architectures in confined channels enables the probing of migration behaviors specific to defined
geometries that mimic in vivo microenvironments.
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invasion through the stroma, intra- and extravasation across tight
junctions of the endothelium, and migration through the
microvasculature especially in vessel branch points [1,3,10,11] –
all illustrated in Fig. 1. Essentially, in many scenarios in which a
cell interacts with an interface where its degrees of freedom of
motion or effective mobility are changed, the local microenvironment exhibits a spatial gradient. Understanding the mechanical
responsivity of a cell when encountering spatial gradients,
particularly in the context of squeezing into tight spaces during
invasion, can elucidate phenomenological attributes associated
with metastatic cells.
A number of recent studies have used microfluidic and
micropatterning techniques to simulate microenvironments that
may be relevant to cancer cell migration. Asymmetric patterns
generated on 2D substrates via etching or microcontact printing
have been shown to direct cell motion [12–14]. Studies using long
and straight microchannels with small cross-sectional areas
comparable to the cell size, which simulate confined paths in
tissues, the microvasculature, and lymphatic vessels [10], have
shown that in such environments, cells are able to move
unidirectionally with unusually high persistence as compared to
2D studies on flat substrates with no confining boundaries [15,16].
The physiological microenvironment, however, is diverse and

Introduction
Metastasis is the leading cause of cancer related deaths. The
mechanisms and effects of metastasis often span large spatial and
temporal scales, which make any experimental and analytical
characterization difficult. To address the need for characterizing
and screening the metastatic potential of cells, researchers have
begun looking for mechanical markers at the single cell level [1–3].
This is particularly useful since metastasis has been characterized
as an inefficient process that eventually works due to very small
subpopulations of successfully invasive cells. This notable feature
has also led to an emphasis on understanding the importance of
heterogeneity within cancer cell populations, as certain subpopulations are speculated to be more apt to progress through the
entire metastatic cascade. The importance of heterogeneity and
the implications of different heterogeneous phenotypes on cancer
metastasis, however, have not yet been fully resolved [4–9]. Of
particular interest are phenotypes that promote motility and
invasiveness, as these properties are often associated with
metastasis.
In many instances during the metastatic process, cancer cells
encounter spatial gradients. Examples include cells navigating
through small pores in the extracellular matrix (ECM) during
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ensemble averaged mechanical properties [15–18]. Cell behavior,
however, is governed by both spatially and temporally varying
molecular signals and feedback [19–23]. These transient dynamics,
such as the activation of intracellular processes in response to external
mechanical or chemotactic stimuli, have not been considered in great
detail. In this study, we investigate the transient cell dynamics caused
by spatial, physical gradients.

Results
Heterogeneity and Statistical Behavior
To investigate the migratory response of cells to physical spatial
gradients, we designed an array of PDMS microchannels bonded
to a glass substrate. The device design and fabrication procedure
are shown in Fig. 2. Each channel consists of a tapered junction of
variable spatial gradient that connects a large (cross-sectional area:
15 mm610 mm) channel with a small (4 mm610 mm) channel. Six
different gradients are incorporated, and for the studies here they
are categorized as either ‘‘high’’ (tapering angle larger than 7
degrees) or ‘‘low’’ (tapering angle smaller than 3 degrees) gradients
(see Fig. 2 caption for more details). Cells migrate unidirectionally
in the large channel towards the small channel and their behavior
in the tapered region is observed via timelapse microscopy
(approximately 24 hrs per experiment) and analyzed. See methods
section for more details on the fabrication of the microfluidics.
We characterize the cell as a two-state system where each state
corresponds to its polarization, which is determined here based on
the direction of cell migration. Since the cell is confined to migrate
in 1D, only two polarizations exist, forward and backward. We
measure the probability of occurrence of each state upon a cell’s
interaction with the tapered geometry. Specifically, the two states
are determined as: 1) a cell penetrating through the tapered
junction and permeating into the smaller channel (i.e. the entire
cell body is inside the smaller channel), and 2) a cell turning
around (repolarizing) once reaching the tapered region and
migrating in the backwards direction. Sample experiments
demonstrating both states are shown in Fig. 3, and Videos S3,
S4, S5, S6 show timelapse movies of various cell types migrating in
the devices and exhibiting various behaviors. All cells considered
are initially migrating in the direction pointing from the larger
channel to the smaller channel. To account for random
repolarizations due to distance traveled and the different lengths
of tapered junctions of different spatial gradients, a fixed
interaction length (250 mm between tapered region and start of
small channel) is considered for each cell. All and only cells
entering this region are considered, so random repolarizations due
to distance traveled are weighted equally in all junctions.
Furthermore, cells that die or have not made a conclusive decision
by the end of each timelapse experiment are ignored. Cells
interacting with other cells are also ignored.
First, our results demonstrate the non-trivial existence of these
two states, as both have been observed with appreciable frequency.
We have identified two distinct migratory phenotypes, permeating
cells and repolarizing cells. Here, phenotype refers to any
observable characteristic or behavior of the cell. The occurrence
of these two states enables us to quantify migratory invasiveness
both in the same cell population and across different cell types with
a simple binary analysis. We characterize these events by their
probability of occurrence and show that there is a significant
dependence of this property on both the spatial gradient of the
tapered junction and the cell type.
Fig. 4 shows the response of different cell types to the spatial
gradient of the tapered junction. For BAECs, the probability of
permeation (into the small channel once reaching the tapered

Figure 1. Cells encountering spatial gradients in physiological
and simulated environments. A–C. A cancer cell (orange) is (A)
navigating through small pores in the extracellular matrix (green) as it is
invading through the tumor stroma, (B) squeezing through the
endothelium (red cells) during intra- and extravasation, and (C)
encountering vessel branch points upon migration in the microvasculature. D. Cells migrating in our tapered microchannel device, which
simulates physiological spatial gradients encountered by cells during
the metastatic process. The width of the larger channel is 15 mm.
doi:10.1371/journal.pone.0020825.g001

non-uniform. Therefore, straight microchannels, a zeroth order
environment (i.e. no perturbations in the direction of cell
migration), provide limited means of extracting information about
a cell’s responsivity. By introducing small perturbations, higher
order effects can be examined that may allow one to better
understand how individual cells respond to a perturbation to its
steady-state.
To accomplish this, here we have developed and conducted cell
migration experiments in spatially tapered microchannels with
cross-sectional areas comparable to the cell size. This provides a
good model for cell navigation through physical constraints and
spatial gradients, which are important during metastasis. Typical
experiments (Fig. 1 d) for weakly and strongly metastatic cells in
these environments are shown in videos S1 and S2, respectively.
We demonstrate and compare the mechanical responsivity of
three cell types: 1) bovine aortic endothelial cells (BAECs), which
are a primary cell culture used here to provide basic insights
toward mechanical and migratory behavior of adherent cells in
tapered microchannels, 2) MCF-10A, a non-transformed human
mammary epithelial cell line used here to represent non-metastatic
cells, and 3) MDA-MB-231, a highly metastatic human cell line
derived from metastatic breast carcinoma used in this study to
model highly metastatic cells.
To date, most experiments involving engineered microenvironments and cell mechanics have been considered only in the steadystate. For instance, chemotactic responses, migration through straight
confinement channels, and many other studies of cell migration,
polarization, and morphology have only been characterized by
average and steady-state velocities, directional persistence, and other
PLoS ONE | www.plosone.org
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Figure 3. Heterogeneous cell behavior in tapered junctions. A–
B. Timelapse montage of a cell (MCF-10A) (A) turning back once
reaching the tapered region (each frame is 0.96 hrs) and (B) permeating
into the smaller channel (each frame is 2.5 hrs). Width of larger channel
is 15 mm. See supplementary materials for timelapse videos of all 3 cell
types studied.
doi:10.1371/journal.pone.0020825.g003

Figure 2. Design patterns and device fabrication process. A.
Image of actual device tapered microchannels from brightfield
microscopy. Larger channels (15 mm610 mm) are connected to smaller
channels (4 mm610 mm) via a tapered junction. The tapering angles are
1, 2, 3, 7, 15, and 40 degrees from low to high. The first three junctions
are considered ‘‘low gradients’’ and the last three are considered ‘‘high
gradients.’’ Scale bar 100 mm. B. Schematic of fabrication procedure.
Standard contact photolithography is used to pattern SU8 masters
which are then used in PDMS soft lithography to generate microchannels.
doi:10.1371/journal.pone.0020825.g002

permeation in a spatially tapered and highly confining microenvironment for a particular cell type may indicate greater
invasiveness in the context of cancer metastasis.
It has been shown previously that small channels which force
cells to deform significantly in order to enter have a much lower
probability of cell permeation upon contact [16]. Our results,
particularly for MDA-MB-231’s, show that there is a substantial
permeative population into the smaller channel despite such highly
constrictive spatial domains. This may imply that once a cell has
entered into a mode of 1D unidirectional migration, its permeative
and invasive capabilities are enhanced, at least in the direction of
motion. Physiologically this may suggest that there is a feedback
mechanism that once a metastatic cancer cell has entered into a
defined track in the extracellular matrix or microvasculature, it
gains increased aggressiveness during invasion into more confining
spaces.

region from the large channel) is greater for higher spatial
gradients (60%, n = 20) than for lower gradients (12%, n = 17)
(p,.05). In other words, more gradual transitions tend to induce
cells to repolarize more often. Furthermore, for the subset of cells
that experience this more gradual transition, the probability of
repolarization (88%) is statistically higher than permeation (12%)
(p,.05). For MCF-10A’s, the probability of permeation is 50%
(n = 10) for low gradients and 25% (n = 8) for high gradients. For
MDA-MB-231’s, the probability of permeation is 86% (n = 7) for
low gradients and 87% (n = 15) for high gradients.
The response of highly metastatic MDA-MB-231 cells shows
several distinguishing features. First, the probability of permeation
for both low and high gradients is statistically greater than the
probability of turning around (p,.05). For low gradient tapers,
this result is opposite to that of BAECs. Next, in comparison with
non-metastatic breast epithelial cells (MCF-10A’s), MDA-MB-231
cells exhibit a statistically higher (p,.05) probability of permeation
for high gradient tapers. These differences, particularly the latter
case, can potentially be distinguishing factors between highly
metastatic cells and non-metastatic cells. A higher probability of
PLoS ONE | www.plosone.org

Cell Transition Dynamics and Signaling Feedback on the
Single Cell Level
The tapered channel assay presented above can also be used as
a label-free method of quantitatively characterizing signaling
feedback on the single cell level by analyzing the mechanical
responsivity of cells and profiling cell migration transition
dynamics. Responsivity is the factor that maps an external input
to an output of interest. Here, the input is the transformation of
3
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Figure 4. Cell behavior statistics at the tapered junction. Data plots showing the probability of cell permeation (PM, yellow) and repolarization
(RP, red) for low and high gradient tapers for three different cell types. Error bars represent 95% confidence intervals calculated from the standard
deviation of Bernoulli experiments. * denotes statistical difference, p-value,.05, between data at the nodes of each line.
doi:10.1371/journal.pone.0020825.g004

into a more confining channel or repolarization for migration in a
different direction.
Two time constants and a delay constant provide suitable curve
fits for the velocity profile of cells undergoing this transition. For
example, as shown in Fig. 5a for a permeating cell, the two time
constants are 6 and 3 minutes, respectively, and the delay constant
is 1 hour, and as shown in Fig. 5b for a repolarizing cell, the two
time constants are both approximately 10 minutes and the delay
constant is 2 hours. Time and delay constants for different cells can
vary (from minutes to hours) indicating potentially diversity in
signaling pathways at play and the cytoskeletal complex of
individual cells. This illustrates the importance of considering single
cell dynamics rather than ensemble averages, particularly for the
analysis of cancer cell mechanics since metastatic potential may be
dictated by heterogeneous subpopulations displaying more invasive
characteristics [7–9]. This method presents a way of measuring the
signaling of a net biological process which may be more meaningful
than the expression of individual signaling molecules that may
contribute to a multitude of pathways and phenotypes.

space and the output is the induced cell migration dynamics. Cell
dynamics involve intracellular signaling which entails feedback
loops to ensure a robust and rapid cell response. Feedback
(whether electrical, mechanical, or biological) can often manifest
mathematically as an exponential (sigmoid) curve [20,21].
Therefore, we fit the velocity profile of cells migrating in the
spatially tapered region into sigmoid curves and derive characteristic transient constants. We note the sequential activation of two
feedback loops (one negative and one positive). The model we used
for curve fitting is:
velocity~

vi {vf 1
vf {vf 1
z
zvf 1
1z exp (c1 (t{t01 )) 1z exp ({c2 (t{t02 ))

where vi is the initial steady-state velocity, vf is the final steady-state
velocity, 1/c1 is the time constant of the first sigmoid, 1/c2 is the
time constant of the second sigmoid, t01 is the time for the midpoint of the first sigmoid, t02 is the time for the mid-point of the
second sigmoid, and vf1 is the final steady-state velocity if the
second sigmoid is not present. By analyzing the temporal evolution
of the cell’s velocity, we can extract several key parameters of the
transition process – 1) the time constants of the sigmoid curves (the
net signaling feedback loops) and 2) the temporal delay between
the activation of the two net signaling processes (t022t01).
The first process is a negative feedback loop that diminishes the
speed of the cell as it encounters additional spatial constraints (i.e.
the spatial taper). The second process is a positive feedback loop
that accelerates the cell to a steady-state velocity in the direction it
has chosen to pursue after encountering the spatial gradient. The
delay in the activation of these two signaling processes is likely time
used to reorganize the cell’s cytoskeletal network for permeation
PLoS ONE | www.plosone.org

Discussion
In this study, we have investigated the migratory behavior of
different cell types in response to physical spatial gradients. We
focused on the transition region connecting a larger channel to a
smaller channel and demonstrated the effect of varying the spatial
gradient of the junction on cell responsivity. We also showed that
the highly metastatic cells used here (MDA-MB-231’s) have a
statistically higher permeative nature into smaller regions than
non-metastatic cells (MCF-10A’s), at least when the spatial
gradient is high.
4
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Figure 5. Migration dynamics of repolarizing and permeating cells. A–B. Timelapse image stack (A) juxtaposed on top of the data and
sigmoid curve fit of the velocity profile on the same time interval (B) of a permeating MDA-MB-231 cell during transition in the tapered junction. The
time constants for the first and second sigmoidal curves are approximately 6 and 3 minutes, respectively, and the delay constant is 1 hour. R2 of the
fit is 0.7. C–D. Timelapse image stack (C) juxtaposed on top of the data and sigmoid curve fit of the velocity profile on the same time interval (D) of a
repolarizing MCF-10A cell during transition in the tapered junction. The time constants for the first and second sigmoidal curves are both
approximately 10 minutes, and the delay constant is 2 hours. R2 of the fit is 0.94.
doi:10.1371/journal.pone.0020825.g005

microenvironment. However, the data from these previous
experiments were based on spontaneous cell reactions in a static
environment with no perturbative features for stimulating cell
responsivity. Very little information can be extracted about cell
behavior at barriers and interfaces, which is especially important
when considering metastasis, during which cancer cells are often
transitioning across impeding junctions and into new environments. One such interface is the increase in physical constraint (as
illustrated in Fig. 1), which our assay simulates. By introducing a
spatially tapering region into microchannels, cells are stimulated at
the interface and responses are induced. Therefore, stimulated
dynamics rather than steady-state or spontaneous reactions can be
studied.
Additionally, we elucidated the existence of behavioral differences within a common cell type in response to a tapered

Previous work that used highly confining environments to study
cell migration and adhesion dynamics has primarily involved
straight and symmetric microchannel structures. For example,
Jacobelli et al. [24] demonstrated that myosin IIA regulates the
crawling mode of T-cell migration by analyzing the ‘‘walking’’ and
‘‘sliding’’ adhesion dynamics of T-cells when migrating in straight
confinement microchannels. Hawkins et al. [25] developed a
mathematical model that addresses spontaneous motion in narrow
channels based on actin polymerization within a model cell.
Furthermore, Irmia and Toner [15] demonstrated that mechanical confinement can induce spontaneous unidirectional migration
in cells, and migration rates are affected by microtubule-disrupting
drugs such as Taxol and Nocodazole. These studies clearly showed
the rich information about cell mechanics and motility that can be
extracted by imposing physical constraints in the cells’ local
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and infinite inside and along the channel. By reducing the width of
the channel through physical tapering, we are reducing the
‘‘effective compliance’’ as experienced by the cells. Similarly, the
dimensionality of our microchannel system can be considered as
either 1-D, since cells are primarily moving along one axis, or
pseudo 3-D, since cells can adhere to and interact with the four
surrounding walls. Typical experiments that are supposed to
mimic more physiological 3-D environments are conducted with
cells embedded in extracellular matrix-simulating gels [40,43,44].
Fraley et al. [45], for example, demonstrated that cell motility in
these 3-D environments does not rely significantly on focal
adhesion formation and depends on traction between cell
protrusions and the surrounding matrix, both of which are
different than 2-D motility. While 3-D experiments are excellent in
elucidating more physiological mechanisms of cell motility, it is
difficult to simulate and modulate interfaces, which as mentioned
throughout this paper have important physiological consequences,
in 3-D gels. Furthermore, the cell-in-gel model may not be the
most accurate with regards to cell dynamics in microcapillaries,
where the surrounding matter is the vessel wall and the interior is
fluid (e.g. Yamauchi et al. [10] showed that cell dynamics in microvessels are relevant during the metastatic process). One of the main
advantages of the confined microchannel approach is the ability to
introduce and tune interface geometries. Ultimately, our tapered
channel assay enables the quantitative analysis of the ability of a
cell to transition from a region with higher degrees of freedom in
movement to a region with lower degrees of freedom. Extensions
of this assay could incorporate extracellular matrix components
and multiple cell types in the channels to simulate more
physiological conditions.

microgeometry; all cell types used here exhibited both permeating
and repolarizing subpopulations. The existence of these two states
demonstrates phenotypic heterogeneity in mechanical invasiveness
among a common population of cells. Whether this heterogeneity
is static or dynamic (i.e. whether the same cells always exhibit the
same phenotype or this phenotype fluctuates in time for all cells)
and the implications of either are currently not known and further
studies are required. Heterogeneous subpopulations in tumors
have been shown [26,27], but the contributions to metastatic
potential are not well understood [5,7,8]. Our technique presents a
way of probing this heterogeneity based on mechanical properties
on a single cell level.
Furthermore, migration dynamics under transition phases can
provide insights into the mechanical responsivity of cells that can
ultimately be mapped to intracellular signaling feedback mechanisms. For instance, one of the key contributors to cell locomotion
is the actin machinery, where the polymerization and depolymerization of actin filaments provide force that drives cells in the
direction of motion [28,29]. The velocity of cells then should be
approximately proportional to the number of actively contributing
actin filaments, and the velocity profile measured in this study
should therefore be representative of actin signaling dynamics (i.e.
the concentration profile of actin in the polarized edge of the cell,
with negative values indicating that the polarization has changed
directions).
Finally, our data indicate that metastatic MDA-MB-231 cells
exhibit a more invasive phenotype (greater motility through the
high gradient channels) than non-metastatic MCF-10A and
BAECs. Because metastasis is a highly physical process that
involves cell migration and deformation, our microfabricated
system may have uncovered a novel mechanism by which
metastatic cells enter narrow capillary beds of organs – cells may
move through capillaries through active migration rather than
simply passive flow transport. In our system, high and low gradient
tapers may simulate vessel branch points and continuation along
the main branch, respectively. Overall, by introducing additional
parameters, e.g. variable geometric constraints, in engineered
microenvironments, more information can be deduced about cellenvironment interactions, such as mechanical triggers for cell
repolarization and stability and persistence of cell polarization
when perturbed externally. Investigation of the migratory response
of cells to spatial constrictions could be valuable in elucidating
other mechanical markers of metastasis.
As with most in vitro experimental systems, there are important
caveats to address. Two important properties are the compliance
of the materials used and the dimensionality of the system
compared with physiological environments. The boundaries of our
microchannels are glass, which is effectively purely rigid, and
PDMS (10:1 ratio of silicone elastomer to curing agent), which has
an elastic modulus of around 103 kPa [30,31]. Typical physiological surfaces that cells adhere to are soft and viscoelastic tissues
comprising of the extracellular matrix and other cells (with elastic
moduli between 10–10000 Pa) [32–35], which can be deformable
under cellular forces [30,32,36,37]. Strong connective tissue and
blood vessel walls can have elastic moduli on the order of 1 MPa
[31,33]. The complexity of the physiological environment, with
such properties as non-uniform pore sizes and varying viscoelasticity in addition to dynamically regulated chemical signaling and
proteolysis [35,38–42], makes it difficult to quantitatively analyze
the fundamental principles of any physical processes. To begin to
derive the governing properties of cell migration and invasion, it is
important to simplify the experimental domain. With our assay,
we are essentially considering a limiting case in which the
compliance is low (relative to soft tissues) at the microchannel walls
PLoS ONE | www.plosone.org

Methods
Cell Culture
BAECs (VEC Technologies) were maintained at 37uC and 0%
CO2 in Leibovitz L-15 media supplemented with 10% Fetal
Bovine Serum and 1% Pen/Strep. Experimentation was conducted using the same media under the same condition.
MDA-MB-231 cells from the American Type Culture Collection (ATCC, HTB-26) were maintained at 37uC and 5% CO2 in
DMEM supplemented with 10% Fetal Bovine Serum. Experimentation was conducted in the same condition except with
DMEM replaced by L-15 and at 0% CO2.
MCF-10A cells from the ATCC (CRL-10317) were maintained
at 37uC and 5% CO2 in DMEM/F12 supplemented with 5%
Horse serum, 0.5 mg/ml Hydrocortisone, 20 ng/ml hEGF,
10 mg/ml Insulin, 100 ng/ml Cholera toxin, 100 units/ml
Penicillin, and 100 mg/ml Streptomycin. Experimentation was
conducted in the same condition except with the addition of
10 mM HEPES buffer and at 0% CO2. During experiments, the
pH of cell culture media was monitored periodically by observing
the color of the media due to the phenol red dye. No significant
changes were seen. Furthermore, fresh media with the addition of
10 mM HEPES buffer for pH stabilization were replenished every
24 hours.
Note: The media used for each cell type are based on the
ATCC (American Tissue Culture Collection) or National
Institutes of Health Physical-Sciences and Oncology Center
specifications, also delineated by Debnath et al. [46] and Guise
et al. [47].

Microchannel Fabrication
As shown in Fig. 2b, standard contact photolithography is used
to generate an SU8 (MicroChem, Newton, MA) on silicon master
6
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that is used to create PDMS (10:1 silicone elastomer to curing
agent ratio) (Dow Corning, Midland, MI) molded microchannels,
which are bonded to a glass slide. In the designed pattern, as
shown in Fig. 2a, a tapered junction of variable spatial gradient
connects a large (cross-sectional area: 15 mm610 mm) channel
with a small (4 mm610 mm) channel.

Supporting Information
Video S1 Sample high-throughput (multichannel) experiment of

MCF-10A cells migrating in tapered microchannel device. The
frame rate is 10000 times faster than real-time (every second in the
video corresponds to 2.78 hours). The widths of the larger and
smaller channels are 15 and 4 mms, respectively.
(AVI)

Cell Loading and Preparation for Experiments
Two fluidic injection ports are incorporated into the microchannel device – one on the side of the larger channels (inlet) and
one on the side of the smaller channels (outlet). Cells are loaded
into the inlet and allowed to proliferate and migrate into the larger
channels. During experiments, devices are placed on top of a
heating stage maintained at 37uC.

Video S2 Sample high-throughput (multichannel) experiment of

MDA-MB-231 cells migrating in tapered microchannel device.
The frame rate is 10000 times faster than real-time (every second
in the video corresponds to 2.78 hours). The widths of the larger
and smaller channels are 15 and 4 mms, respectively.
(AVI)
Video S3 BAEC permeating through the tapered microchannel.
The frame rate is 10000 times faster than real-time (every second
in the video corresponds to 2.78 hours). The widths of the larger
and smaller channels are 15 and 4 mms, respectively.
(AVI)

Cell Migration Trajectory and Velocity Tracing
Timelapse microscopy conducted on an inverted microscope
with a 106 objective, with a temporal resolution of 2.88 min/
frame, was used to record cell migration in microchannels. The
center of mass of cells was tracked manually through image stacks
using ImageJ, and velocities were calculated by linear approximation with adjacent frames. Each velocity data point was then
averaged with the neighboring 10 points for smoothening and
noise filtering.

Video S4 BAEC turning around (repolarizing) once reaching the
tapered region. The frame rate is 10000 times faster than real-time
(every second in the video corresponds to 2.78 hours). The widths
of the larger and smaller channels are 15 and 4 mms, respectively.
(AVI)

Statistical Analysis of Cell Permeation Vs. Repolarization

Video S5 MCF-10A cell permeating through the tapered
microchannel. The frame rate is 10000 times faster than realtime (every second in the video corresponds to 2.78 hours). The
widths of the larger and smaller channels are 15 and 4 mms,
respectively.
(AVI)

Since we are considering a binary system and assuming the
behavior of each cell represented by the data can be considered as
an independent event, the statistics should follow the Bernoulli
distribution. The statistical variance v of the cell behavior is then
pq, where p and q are the probabilities of cell permeation and
repolarization, respectively. By the central limit theorem [48] for a
sample of size n, the error of estimating p (and q) from our
experimentally acquired value of pe (and qe) should follow a normal
distribution. Mathematically:
N(0,1)~

Video S6 MCF-10A cell turning around (repolarizing) once
reaching the tapered region. The frame rate is 10000 times faster
than real-time (every second in the video corresponds to
2.78 hours). The widths of the larger and smaller channels are
15 and 4 mms, respectively.
(AVI)

n|(pe {p)
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n|v

where N(0,1) is notation for the standard normal distribution. To
calculate confidence intervals:

Acknowledgments
We thank Dr. Teresa Porri and Joseph Califano for helpful discussions on
cell culture.

rﬃﬃﬃ
rﬃﬃﬃ
v
v
pe {N(0,1)| ƒpƒpe zN(0,1)|
n
n

Author Contributions
Conceived and designed the experiments: MM DE. Performed the
experiments: MM. Wrote the paper: MM CAR-K DE.

and N(0,1) is 1.96 for 95% confidence and v is approximated by
our experimental values as peqe. For further details see [48].

References
9. Fidler IJ (1978) Tumor Heterogeneity and the Biology of Cancer Invasion and
Metastasis. Cancer Research 38: 2651–2660.
10. Yamauchi K, Yang M, Hayashi K, Jiang P, Yamamoto N, et al. (2008)
Induction of cancer metastasis by cyclophosphamide pretreatment of host mice:
an opposite effect of chemotherapy. Cancer Research 68: 516–520.
11. Friedl P, Wolf K (2003) Tumour-Cell Invasion and Migration: Diversity and
Escape Mechanisms. Nature Reviews Cancer 3: 363–374.
12. Jiang X, Bruzewicz DA, Wong AP, Piel M, Whitesides GM (2005) Directing cell
migration with asymmetric micropatterns. Proc Natl Acad Sci USA 102:
975–978.
13. Kumar G, Ho CC, Co CC (2007) Guiding Cell Migration Using One-Way
Micropattern Arrays. Advanced Materials 19: 1084–1090.
14. Mahmud G, Campbell CJ, Bishop KJM, Komarova YA, Chaga O, et al. (2009)
Directing cell motions on micropatterned ratchets. Nature Physics 5: 606–612.
15. Irmia D, Toner M (2009) Spontaneous migration of cancer cells under
conditions of mechanical confinement. Integrative Biology 1: 506–512.

1. Chambers AF, Groom AC, MacDonald IC (2002) Dissemination and growth of
cancer cells in metastatic sites. Nature reviews 2: 563–572.
2. Paszek MJ, Zahir N, Johnson KR, Lakins JN, Rozenberg GI, et al. (2005)
Tensional homeostasis and the malignant phenotype. Cancer Cell 8: 241–254.
3. Sahai E (2007) Illuminating the metastatic process. Nature Reviews Cancer 7:
737–749.
4. Altschuler SJ, Wu LF (2010) Cellular Heterogeneity: Do Differences Make a
Difference? Cell 141: 559–563.
5. Kelly PN, Dakic A, Adams JM, Nutt SL, Strasser A (2007) Tumor Growth Need
Not Be Driven by Rare Cancer Stem Cells. Science 317: 337.
6. Stratton MR, Campbell PJ, Futreal PA (2009) The cancer genome. Nature 458:
719–724.
7. Visvader JE, Lindeman GJ (2008) Cancer stem cells in solid tumours: accumulating
evidence and unresolved questions. Nature Reviews Cancer 8: 755–768.
8. Shackleton M, Quintana E, Fearon ER, Morrison SJ (2009) Heterogeneity in
Cancer: Cancer Stem Cells versus Clonal Evolution. Cell 138: 822–829.

PLoS ONE | www.plosone.org

7

June 2011 | Volume 6 | Issue 6 | e20825

Cell Responsivity to Spatial Gradients

16. Rolli CG, Seufferlein T, Kemkemer R, Spatz JP (2010) Impact of Tumor Cell
Cytoskeleton Organization on Invasiveness and Migration : A MicrochannelBased Approach. PLoS ONE 5.
17. Petrie RJ, Doyle AD, Yamada KM (2009) Random versus directionally
persistent cell migration. Nature Reviews: Molecular Cell Biology 10: 538–549.
18. Abhyankar VV, Toepke M, Cortesio CL, Lokuta MA, Huttenlocher A, et al.
(2008) A platform for assessing chemotactic migration within a spatiotemporally
defined 3D microenvironment. Lab Chip 8: 1507–1515.
19. Dieterich P, Klages R, Preuss R, Schwab A (2008) Anomalous dynamics of cell
migration. Proc Natl Acad Sci USA 105: 459–463.
20. Brandman O, Meyer T (2008) Feedback Loops Shape Cellular Signals in Space
and Time. Science 322: 390–395.
21. Kholodenko BN (2006) Cell-signalling dynamics in time and space. Nature
Reviews: Molecular Cell Biology 7: 165–176.
22. Parsons JT, Horwitz AR, Schwartz MA (2010) Cell adhesion: integrating
cytoskeletal dynamics and cellular tension. Nature Reviews: Molecular Cell
Biology 11: 633–643.
23. Ridley AJ, Schwartz MA, Burridge K, Parsons JT, Firtel RA, et al. (2003) Cell
Migration: Integrating Signals from Front to Back. Science 302: 1704–1709.
24. Jacobelli J, Friedman RS, Conti MA, Lennon-Dumenil A-M, Piel M, et al.
(2010) Confinement-optimized three-dimensional T cell amoeboid motility is
modulated via myosin IIA–regulated adhesions. Nature Immunology 11:
953–961.
25. Hawkins RJ, Piel M, Faure-Andre G, Lennon-Dumenil AM, Joanny JF, et al.
(2009) Pushing off the Walls: A Mechanism of Cell Motility in Confinement.
Physical Review Letters 102: 058103.
26. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF (2003)
Prospective identification of tumorigenic breast cancer cells. Proc Natl Acad Sci
USA 100: 3983–3988.
27. Li C, Heidt DG, Dalerba P, Burant CF, Zhang L, et al. (2007) Identification of
Pancreatic Cancer Stem Cells. Cancer Research 67: 1030–1037.
28. Theriot JA, Mitchison TJ (1991) Actin microfilament dynamics in locomoting
cells. Nature 352.
29. Barak LS, Yocum RR, Nothnagel EA, Webb WW (1980) Fluorescence staining
of the actin cytoskeleton in living cells with 7-nitrobenz-2-oxa- 1,3-diazolephallacidin. Proc Natl Acad Sci USA 77: 980–984.
30. Balaban NQ, Schwarz US, Riveline D, Goichberg P, Tzur G, et al. (2001) Force
and focal adhesion assembly: a close relationship studied using elastic
micropatterned substrates. Nature Cell Biology. pp 466–472.
31. Brown XQ, Ookawa K, Wong JY (2004) Evaluation of polydimethylsiloxane
scaffolds with physiologically- relevant elastic moduli: interplay of substrate
mechanics and surface chemistry effects on vascular smooth muscle cell
response. Biomaterials 26: 3123–3129.

PLoS ONE | www.plosone.org

32. Bao G, Suresh S (2003) Cell and molecular mechanics of biological materials.
Nature Materials 2: 715–725.
33. Wakatsuki T, Kolodney MS, Zahalak GI, Elson EL (2000) Cell Mechanics
Studied by a Reconstituted Model Tissue. Biophysical Journal 79: 2353–2368.
34. Yeung T, Georges PC, Flanagan LA, Marg B, Ortiz M, et al. (2005) Effects of
Substrate Stiffness on Cell Morphology, Cytoskeletal Structure, and Adhesion.
Cell Motility and the Cytoskeleton 60: 24–34.
35. Discher DE, Janmey P, Wang Y-l (2005) Tissue Cells Feel and Respond to the
Stiffness of Their Substrate. Science 310: 1139–1143.
36. Califano JP, Reinhart-King CA (2010) Substrate Stiffness and Cell Area Predict
Cellular Traction Stresses in Single Cells and Cells in Contact. Cellular and
Molecular Bioengineering 3: 68–75.
37. Kraning-Rush CM, Carey SP, Califano JP, Smith BN, Reinhart-King CA
(2011) The role of the cytoskeleton in cellular force generation in 2D and 3D
environments. Physical Biology 8: 015009.
38. Pathak A, Kumar S (2011) Biophysical regulation of tumor cell invasion: moving
beyond matrix stiffness. Integrative Biology 3: 267–278.
39. Friedl P, Wolf K (2009) Proteolytic interstitial cell migration: a five-step process.
Cancer Metastasis Rev 28: 129–135.
40. Zaman MH, Trapani LM, Sieminski AL, MacKellar D, Gong H, et al. (2006)
Migration of tumor cells in 3D matrices is governed by matrix stiffness along
with cell-matrix adhesion and proteolysis. Proc Natl Acad Sci USA 103:
10889–10894.
41. Bloom RJ, George JP, Celedon A, Sun SX, Wirtz D (2008) Mapping Local
Matrix Remodeling Induced by a Migrating Tumor Cell Using ThreeDimensional Multiple-Particle Tracking. Biophysical Journal 95: 4077–4088.
42. Suresh S (2007) Biomechanics and biophysics of cancer cells. Acta Materialia 55:
3989–4014.
43. Wolf K, Friedl P (2009) Mapping proteolytic cancer cell-extracellular matrix
interfaces. Clin Exp Metastasis 26: 289–298.
44. Shields JD, Fleury ME, Yong C, Tomei AA, Randolph GJ, et al. (2007)
Autologous Chemotaxis as a Mechanism of Tumor Cell Homing to Lymphatics
via Interstitial Flow and Autocrine CCR7 Signaling. Cancer Cell 11: 526–538.
45. Fraley SI, Feng Y, Krishnamurthy R, Kim D-H, Celedon A, et al. (2010) A
distinctive role for focal adhesion proteins in three-dimensional cell motility.
Nature Cell Biology 12: 598–604.
46. Debnath J, Muthuswamy SK, Brugge JS (2003) Morphogenesis and oncogenesis
of MCF-10A mammary epithelial acini grown in three-dimensional basement
membrane cultures. Methods 30: 256–268.
47. Guise TA, Yin JJ, Taylor SD, Kumagai Y, Dallas M, et al. (1996) Evidence for a
Causal Role of Parathyroid Hormone–related Protein in the Pathogenesis of
Human Breast Cancer–mediated Osteolysis. J Clin Invest 98: 1544–1549.
48. Feller W (1945) The Fundamental Limit Theorems in Probability. Bull Amer
Math Soc 51: 800–832.

8

June 2011 | Volume 6 | Issue 6 | e20825

