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ABSTRACT

Highly migratory cancer cells often lead to metastasis and recurrence and are responsible for the high mortality rates in many cancers
despite aggressive treatment. Recently, the migratory behavior of patient-derived glioblastoma multiforme cells on microtracks has shown
potential in predicting the likelihood of recurrence, while at the same time, antimetastasis drugs have been developed which require simple
yet relevant high-throughput screening systems. However, robust in vitro platforms which can reliably seed single cells and measure their
migration while mimicking the physiological tumor microenvironment have not been demonstrated. In this study, we demonstrate a
microfluidic device which hydrodynamically seeds single cancer cells onto stamped or femtosecond laser ablated polystyrene microtracks,
promoting 1D migratory behavior due to the cells’ tendency to follow topographical cues. Using time-lapse microscopy, we found that
single U87 glioblastoma multiforme cells migrated more slowly on laser ablated microtracks compared to stamped microtracks of equal
width and spacing (p < 0.05) and exhibited greater directional persistence on both 1D patterns compared to flat polystyrene (p < 0.05).
Single-cell morphologies also differed significantly between flat and 1D patterns, with cells on 1D substrates exhibiting higher aspect ratios
and less circularity (p < 0.05). This microfluidic platform could lead to automated quantification of single-cell migratory behavior due to the
high predictability of hydrodynamic seeding and guided 1D migration, an important step to realizing the potential of microfluidic migration
assays for drug screening and individualized medicine.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5103269

INTRODUCTION

The aggressive migration of individual cells is a primary con-
tributor to low patient survival rates for many forms of cancer due
to its critical role in metastasis and recurrence. The establishment
of secondary tumors typically requires the successful completion of
several steps, including loss of cellular adhesion, altering of and
migration through the extracellular matrix (ECM), traveling
through the circulatory or lymphatic system, exiting the vessel, and
eventually colonizing distal tissue.1,2 The probability of achieving
these steps without being hindered by numerous protective and
homeostatic mechanisms is incredibly low, such that only rare
single cells will reach the final step and successfully establish a sec-
ondary tumor.3 Many factors have been shown to influence this

metastatic behavior including aspects of the cell’s microenviron-
ment such as stiffness, surface chemistry, and topography.4–8 In
glioblastoma multiforme (GBM), metastasis beyond the central
nervous system is very rare, and the establishment of secondary
tumors elsewhere in the brain, as well as the high incidence of
recurrence due to diffuse cancer cells in the surrounding tissue, is
caused by topographically guided single-cell migration on white
matter tracts, blood vessels, or the subpial space. This directed
migration results in dismal survival rates for nearly all patients
despite aggressive treatment regimens.9–15 To better understand
and combat the underlying causes of metastasis and recurrence,
many in vitro systems have been developed which attempt to quan-
tify the migratory behavior of cultured cells with varying degrees of
convenience, throughput, and biomimicry.16–18
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Traditionally, cell migration analysis has been done using
scratch, cell exclusion zone, or Boyden chamber-based transmem-
brane assays. In the scratch assay, a confluent monolayer of cells is
scratched to create a gap in the cell culture on the substrate, and
the rate of invasion back into the gap is quantified by measuring
the position of the leading edges over time.19,20 Cell exclusion zone
assays use a similar principle, but rather than scratching the sub-
strate to create a gap, which can be difficult to do consistently, they
initially block a certain portion of the substrate from cell attach-
ment and then remove the block and measure the invasion of cells
into the gap.21,22 In transmembrane assays, cells are seeded on one
side of the membrane, while a solution to be tested for its chemo-
tactic activity is placed on the opposing side, and the number of
cells which migrate through the membrane is counted as an indica-
tion of collective migration behavior.23,24 These types of assays
provide some quantitative measure of collective cell migration and
are accessible to most researchers with standard cell culture skills,
but they often ignore the specific behavior of migratory single cells
that break away from the primary tumor and migrate rapidly down
fibrous structures. Numerous 3D matrix scaffold-based models
have also been developed specifically for GBM, typically in an
attempt to mimic the abundant glycoproteins and proteoglycans
like hyaluronic acid in the brain ECM, as opposed to the stiffer col-
lagen ECM matrix typically found in other organs.25–28 Given the
strong influence that the tumor microenvironment topography can
have on the behavior of single cells, many biomimetic platforms
specifically emphasizing the fibrous nature of the ECM have also
been developed using microfabrication techniques.29

In an attempt to mimic the topographical guidance of single
cancer cells, researchers have used aligned or randomly oriented
electrospun nanofibers to mimic different tumor ECM microenvi-
ronments. For instance, aligned polycaprolactone (PCL) nanofibers
have been shown to induce a more migratory phenotype in cul-
tured GBM cells compared to flat surfaces, causing clear changes in
morphology, stiffness, upregulation in genes associated with migra-
tion, and downregulation in genes associated with proliferation.7

GBM cells cultured on aligned PCL nanofibers have also demon-
strated increased sensitivity to myosin II inhibition compared to
the same cells cultured on flat substrates, and migrated more
rapidly and exhibited greater directional persistence on aligned
PCL fibers compared to random fibers.30,31 Lastly, by combining
different polymer cores with PCL in core-shell nanofibers, GBM
morphology, migration speed, focal adhesion kinase, and myosin
light chain 2 expression all demonstrated a significant dependence
on the properties of the fiber matrix.32

Recently, analysis of the underlying dimensionality of biomi-
metic substrates on cell migration has demonstrated that 1D topo-
graphical cues direct the migratory behavior of cells on 3D fibrous
substrates, and that migration on 2D substrates differs greatly from
both 1D and 3D.33 Thus, arrays of microtracks or grooves, which
have been thoroughly explored in cell attachment, proliferation,
and alignment studies for decades, have returned to the spotlight
due to their ease of fabrication, scalability, and capability for topo-
graphically guidance of GBM migration.34,35 GBM cells cultured on
polystyrene non-electrospun spinneret based tunable engineered
parameter (STEP) fibers migrated in a single dimension when in
contact with one fiber or two parallel fibers, but two dimensions

when fibers were in an orthogonal arrangement.36 In another
study, soft lithography molding was used to fabricate polystyrene
microtracks, and these patterns could distinguish differences in the
migratory behavior of multiple types of brain cancer.37 A recent
clinical study found that GBM recurrence was highly predictable
based on the migratory behavior of single biopsied GBM cells on
1D poly(urethane-acrylate) patterns.38

While laser machining has been used to fabricate patterns on
polystyrene which affect cell adhesion and morphology,39 few
examples exist of cell migration analysis on laser machined
polymer surfaces. In one study, laser ablation was used to pattern
nanoscale craters of various aspect ratios and pitches on quartz,
and the patterning affected the focal-adhesion size and distribution
of fibroblasts, thus affecting cell morphology, migration, and ulti-
mately localization.40 Further exploration of the potential clinical
utility of these 1D migration substrates requires more robust in
vitro platforms which can consistently seed single cells onto
specific locations on the microfabricated tracks, eventually allowing
automated and high-throughput analyses.

The ability to accurately control, precisely position, and
analyze single cells has grown rapidly over the past three decades
thanks to advances in micro- and nanotechnology. In particular,
the advent and refinement of high-throughput single-cell trapping
methodologies such as magnetic and optical tweezers, dielectropho-
resis (DEP), and acoustic waves have fueled this growth.41–43

However, some of these techniques require expensive equipment
and a sufficient level of expertise and can also lead to undesired
effects from the manipulated cells.44 As a passive and more cell-
friendly alternative, microfluidic hydrodynamic trapping can
meet all the needs for high-throughput, precise positioning, and
single-cell studies.45 These traps have been widely used for diverse
single-cell applications such as the formation of spheroids by trap-
ping cancer cells, electrical and chemical fusion between mouse
embryonic stem cells and fibroblasts, or the dynamic coflow treat-
ment of trapped cells.46–48 Despite the significant interest and
potential clinical utility, combining this type of hydrodynamic
single-cell trapping with microfabricated 1D migration substrates
has not yet been demonstrated.

In this study, we demonstrate that microfabricated 1D migra-
tion substrates can be combined with microfluidic hydrodynamic
traps to consistently seed single cells onto patterned polystyrene
microtracks, encouraging 1D migration based on the tendency of
GBM cells to follow topographical cues. Devices were first fabri-
cated using soft lithography, spin-dewetted stamping, and femto-
second laser ablation. The migratory behavior and morphology of
single U87 glioblastoma multiforme cells were then quantified
using time-lapse and fluorescent microscopy. This versatile device
may enhance the clinical utility of in vitro 1D single-cell migration
assays and has potential for high-throughput and automated quan-
tification or personalized drug screening.

MATERIALS AND METHODS

Microfluidic channel fabrication

Microchannels were fabricated using a standard soft lithogra-
phy process. First, SU-8 patterns were fabricated using multilayer
photolithography. SU-8 2015 negative photoresist was spin-coated
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and patterned with the basic channel geometry, then an upper
SU-8 2015 layer was spin-coated and the 2nd pattern layer (con-
taining traps) was aligned to the latent image from the first expo-
sure. Following development in SU-8 developer, wafers were treated
with hexamethyldisilazane to prevent the adhesion of the PDMS
during molding. Sylgard 184 PDMS was then mixed at a 10:1 ratio
of base to the curing agent and poured over the SU-8 master,
degassed, cured, and prepared for bonding to the polymer sub-
strates [Fig. 1(a)]. The main channel is 600 μm wide and 16 mm
long, containing three sets of 11 traps. These three sets were spaced
by 3.5 mm down the length of the channel. Within each set, each
trap was spaced by 45 μm across the width of the channel, with
every other trap staggered by 100 μm in the long axis. The specific
trap design used contains a 5 μm gap and has been described previ-
ously [Figs. 1(b)–1(e)].46

Substrate fabrication

10 and 15 μm× 9.95 mm microtracks spaced by 45 μm were
fabricated via spin-dewetting and stamping using polydimethylsi-
loxane (PDMS) molds. SU-8 2015 masters were first patterned and
developed. Following hexamethyldisilazane (HMDS) treatment,
Sylgard 184 was molded as described for the channels. Once peeled
from the master, partial dewetting of 10% polystyrene in anisole
was performed by spin-coating at 4500 RPM for 45 s. The sacrificial
dewetted layer was then stamped off onto glass slides at 170 °C
with very light manual pressure (∼1–2 psi), and the final features

were stamped at 170 °C with much higher manual pressure
(∼25–30 psi) onto standard glass slides [Figs. 2(a)–2(h)].

For laser ablated surfaces, a similar soft lithography
and partial dewetting/stamping procedure was used, except a
525 μm × 9.95 mm rectangle (slightly a smaller width than the
microfluidic channel) was stamped onto standard glass slides
[Fig. 2(i)]. Samples were then machined in open air atmosphere
with a Ti:Sapphire laser system that generates 130 fs pulses at a
central wavelength of 800 nm, with a 1 kHz repetition rate. The
8 mm diameter laser beam was focused on the samples using a
10× microscope objective with a numerical aperture (NA) of 0.16
to a beam waist (ω0) of 17 μm. A three-dimensional translational
stage moved the sample under the beam with a velocity of
1.5 mm/s which resulted in 12 pulses per spot. Pulse energies of
1 and 3 μJ, which correspond to laser fluencies of 0.9 and 2.7 J/cm2,
were used [Fig. 3(a)]. Three passes were performed in each groove
(space between tracks) with the necessary spacing to obtain final
microtrack widths of 10, 15, and 20 μm [Fig. 3(b)].

Device assembly and 1D cell migration assay

For both stamped and laser ablated substrates, the micro-
tracks on glass slides were manually aligned and bonded with the
hydrodynamic trap microfluidic channels using oxygen plasma
treatment. This activated the glass surface for bonding to PDMS
as well as increased the surface energy of the polystyrene lines for
protein and cell adsorption. Devices were then UV sterilized

FIG. 1. Hydrodynamic trapping microfluidic channel fabrication: (a) fabrication schematic showing photolithography of first layer (1–3), second layer containing traps (4–5),
development (6), soft lithography (7), and final channel with punched holes (8); (b) hydrodynamic trap design; (c) and (d) SEM images of hydrodynamic traps (bar = 50 μm);
and (e) assembled device.
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overnight, and before introducing the cell suspension, the devices
were pretreated with Minimum Essential Medium (MEM) + 10%
Fetal Bovine Serum (FBS) + 1% penicillin/streptomycin for 3 h to
allow for the passive adsorption of serum proteins and to mimic
standard cell culture conditions. U87 glioblastoma multiforme cells
(Sigma) were seeded at a concentration of 105 cells/ml in the same
culture medium at low flow rates (<3 μl/min) to minimize damage
from shear forces. Once the trapping of single cells was visually

confirmed and the remaining cell suspension had passed through the
channel, flow was paused and cells were allowed to adhere to the
underlying microtrack substrate for ∼2 h, then the flow was reversed
and set to 50 nl/min to encourage cells to migrate out and away from
the traps and maintain fresh culture media throughout the duration
of the migration. Images were captured every 10min for 24 h using a
Nikon Eclipse Ti time-lapse microscope (Nikon Instruments, Inc.),
maintaining 5% CO2, 37 °C, and high humidity for the duration of

FIG. 2. Spin-dewetting microfabrication schematic with photomask (black), SU8 (red/pink), PDMS (blue) and polystyrene (yellow): photolithography (a)–(c), soft lithography,
and spin-dewetting (d)–(f ), stamping off dewetted layer (g), and final stamp of lines, (h) or channel-wide rectangle, if a rectangle mask was used (i).

FIG. 3. Femtosecond laser ablated
microfabrication schematic: (a) laser
setup and (b) ablation path drawn
over an SEM image of a stamped
polystyrene rectangle [ from Fig. 2(i),
bar = 200 μm].
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the assay. The manual tracking plugin in FIJI was used to quantify
cell’s migratory behavior.

Scanning electron microscopy and profilometry

Scanning Electron Microscopy (SEM) was performed using a
Phenom G2 Pro (Phenom World) to qualitatively assess the
stamped and laser ablated substrates as well as microfluidic channel
structures. Profilometry was performed using a P6 Stylus profilo-
meter (KLA Tencor) to determine the vertical profile of the
microtracks.

Cell morphology and immunofluorescence analysis

Cell morphology (area, perimeter, circularity, and aspect
ratio) was quantified by manually tracing cells using FIJI. First,
U87 cells were bulk seeded at 25 000 cells/ml onto the polystyrene

microtracks without the use of microfluidic channels and allowed
to adhere for 24 h. Immunofluorescence microscopy was then
performed by fixing cells with 4% paraformaldehyde and then
staining with three separate reagents: 40,6-diamidino-2-phenyl-
indole (DAPI) for the nuclei, TRITC-phalloidin for the actin
filaments, and antivinculin followed by FITC-IgG for the focal
adhesions (EMD Millipore). The unsharp mask filter in FIJI as
well as brightness/contrast tools were used to better visualize the
cell structure before merging the channels.

STATISTICAL ANALYSIS

Unpaired t-test, one-way ANOVA, and Tukey-HSD multi-
comparison tests were performed for all datasets in MATLAB or
Graphpad Prism (α = 0.05). Results are reported as averages
± standard error of the mean, and error bars are the standard error
of the mean.

FIG. 4. Stamped compared to femtosecond laser ablated polystyrene lines: (top) SEM images of a channel-wide polystyrene line array (bar = 150 μm), (middle) profilome-
try, and (bottom) SEM images showing increased micro- and nanotopography created from ablation debris compared to smoother stamped microtracks (bar = 15 μm).

Biomicrofluidics ARTICLE scitation.org/journal/bmf

Biomicrofluidics 13, 044105 (2019); doi: 10.1063/1.5103269 13, 044105-5

Published under license by AIP Publishing.

https://aip.scitation.org/journal/bmf


RESULTS AND DISCUSSION

Substrate fabrication and device assembly

The microtracks fabricated by stamping and femtosecond
laser ablation showed noticeable topographical differences.
Stamped microtracks exhibited much smoother surface features
and consistent topography, while laser ablated microtracks exhib-
ited much higher surface roughness and presumably surface energy
due to the debris that deposits as the polystyrene is ablated (Fig. 4).
Microtracks on glass substrates produced from both fabrication
methods were successfully aligned and irreversibly bonded to
PDMS microchannels with embedded hydrodynamic traps. The
stamped microtracks displayed a slight lateral displacement to the
traps due to the applied pressure and thermal expansion during
the final pattern transfer, whereas the laser ablated microtracks
aligned perfectly with the embedded traps across the entire
channel. In future designs, this thermal expansion displacement
could be calculated and compensated for in the mask design. In
addition, the stamped microtracks were much easier to fabricate
rapidly as the slope of the ablation path is needed to be aligned
with each flat polystyrene base for the full length of the channel.
Because the polystyrene film was ablated down to the glass surface,
independent rather than interconnected microtracks were stamped
to provide an accurate comparison between fabrication methods.

For this initial study, 10 μm microtracks with the same
spacing as the traps (45 μm) were chosen to demonstrate that each
individual track could be aligned within a few micrometers of each

microfluidic trap using manual alignment [Figs. 5(a) and 5(d)].
Depending on the application, many other patterns with different
track widths or spacing could be used to either encourage or
prevent cell-to-cell contact or limit the number of tracks with
which a cell comes in contact. GBM morphology and migration
speed have been shown to be faster and more directionally persis-
tent in 1D geometries compared to 2D, with a greater speed while
in contact with parallel fibers compared to single fibers.36 In our
device, cells most often moved into the grooves between the poly-
styrene microtracks and remained in contact with parallel polysty-
rene tracks throughout the course of their migration, but the
spacing could easily be adjusted to encourage a single track behav-
ior as well.

Cell trapping and migration

Cell migration analysis indicated clear differences between
U87 migration on flat, 10 μm stamped, and 10 μm laser ablated
polystyrene substrates [Figs. 5(e) and 5(f )]. Cell migration speed,
calculated as the total distance traveled over time, demonstrated
that U87 cells migrated more quickly on 10 μm stamped compared
to 10 μm laser ablated microtracks, with average migration speeds
of 54.85 ± 2.21 and 37.21 ± 4.44 μm/h [Fig. 5(b), p < 0.05]. We
hypothesize that the slower migration speed on the laser ablated
surface could be due to an increase in the focal adhesion formation
on the high surface energy debris scattered across the surface
during the machining process. Based on previous studies, slower

FIG. 5. Device assembly and cell migration results: (a) SEM image of the cross section of an assembled device with hydrodynamic traps aligned over 10 μm lines
(bar = 50 μm); (b) U87 migration speed; (c) U87 migration efficiency comparison; (d) seeded cells showing both single cells and one cell cluster (bar = 50 μm);
(e) U87 migration example on stamped polystyrene lines; and (f ) U87 migration example on flat polystyrene.
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migration was expected on flat polystyrene,33 but surprisingly, no
significant difference was found between flat polystyrene and the
1D system (p = 0.17 vs stamped and p = 0.61 vs ablated lines),
likely due to the large variance exhibited by the cells. This variance
could be due to the lack of organized topographical cues to provide
migration stimuli, the cell interaction with the PDMS traps, or
simply the generally high migration rate of U87 cells.

Cell directional persistence, sometimes referred to as migra-
tion efficiency, is the ratio of the net displacement to the trajec-
tory path, and a clear difference was measured between the U87
cell migration on flat compared to stamped and laser ablated
polystyrene microtracks, with average efficiencies of 0.51 ± 0.07,
0.83 ± 0.11, and 0.91 ± 0.04, respectively [Fig. 5(c), p < 0.01].
Furthermore, there was no significant difference seen between the
migration efficiencies of U87 cells on the patterned substrates,
with both patterns resulting in high directional persistence.
Together, these differences further emphasize the importance of
quantifying the migratory behavior of single GBM cells on
patterned rather than flat substrates due to the high directional
persistence and more consistent migration velocity.

Cell morphology

The cytoskeletal structure, nuclei location, and focal adhesions
were immunofluorescently labeled and examined for qualitative
comparison. As expected, U87 cells on microtracks appeared to
exhibit more aligned actin filaments and terminally located nuclei
[Figs. 6(a)–6(c)]. Cell morphology analysis was performed by man-
ually tracing phase contrast images of single U87 cells, or those
which were not clearly in contact with other cells, on the various
substrates using FIJI. Area, perimeter, aspect ratio, and circularity
were analyzed, and significant differences were found in aspect
ratio and circularity. No significant differences were found between
the area and the perimeter of U87 cells on various substrates.
The aspect ratios, or the ratio of long to short axes, of U87 cells on
10 μm stamped and laser ablated polystyrene microtracks were
greater than flat polystyrene, with average values of 4.71 ± 0.47,
4.13 ± 0.42, and 2.69 ± 0.30, respectively [Fig. 6(d), p < 0.05], with a
greater aspect ratio corresponding to the more aligned actin
filaments. Cell circularity was calculated using Eq. (1), with a value

of 1.0 indicating a perfect circle,

Circularity ¼ 4π � Area
Perimeter2

: (1)

Significantly greater circularity was found for U87 cells on flat
polystyrene compared to both ablated and stamped substrates, with
average values of 0.56 ± 0.05, 0.42 ± 0.03, and 0.36 ± 0.03 [Fig. 6(e),
p < 0.01]. Together, this morphology analysis indicates the degree
to which the cells respond to the topographical cues. In the future,
this analysis could be performed using a fluorescence microscopy
and a live cell stain such as calcein to more easily automate the
process and minimize potential biases.

CONCLUSIONS

In this study, we demonstrate that hydrodynamic trapping can
be combined with stamped and femtosecond laser ablated polysty-
rene microtracks in a microfluidic device to create a versatile plat-
form for characterizing single cancer cell migration. By consistently
seeding single cells in known starting locations and encouraging
directional persistence via topographical cues, we can improve the
reproducibility and physiological relevance of many conventional
assays. In addition, the fabrication methods used can be easily
adjusted to incorporate a variety of other polymers, patterns, or
adhesion proteins to model various in vivo tissues with a range of
surface chemistries, stiffnesses, or topographies. This device will aid
in current efforts to automate the quantification of single cancer
cell migration behavior for use as a predictor of patient outcomes
or in antimetastasis drug screening.
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FIG. 6. Cell morphology and immunofluorescence images of U87 cells on (a) flat polystyrene, (b) 10 μm laser ablated lines, and (c) 10 μm stamped lines (bar = 100 μm).
Comparison of the U87 morphology including (d) aspect ratio and (e) circularity.
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