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By placing stiff structures under soft materials, prior studies have demonstrated that cells sense and
prefer to position themselves over the stiff structures. However, an understanding of how cells migrate
on such surfaces has not been established. Many studies have also shown that cells readily align to sur-
face topography. Here we investigate the influence of these two aspects in directing cell migration on sur-
faces with 5 and 10 lm line stiffness patterns (a cellular to subcellular length scale). A simple approach to
create flat, stiffness-patterned surfaces by suspending a thin, low modulus polydimethylsiloxane (PDMS)
film over a high modulus PDMS structure is presented, as well as a route to add undulations. We confirm
that cells are able to sense through the thin film by observation of focal adhesions being positioned on
stiff regions. We examine migration by introducing migration efficiency, a quantitative parameter to
determine how strongly cells migrate in a certain direction. We found that cells have a preference to align
and migrate along stiffness patterns while the addition of undulations boosts this effect, significantly
increasing migration efficiency in either case. Interestingly, we found speed to play little role in the
migration efficiency and to be mainly influenced by the top layer modulus. Our results demonstrate that
both stiffness patterns and surface undulations are important considerations when investigating the
interactions of cells with biomaterial surfaces.

Statement of Significance

Two common physical considerations for cell-surface interactions include patterned stiffness and pat-
terned topography. However, their relative influences on cell migration behavior have not been estab-
lished, particularly on cellular to subcellular scale patterns. For stiffness patterning, it has been
recently shown that cells tend to position themselves over a stiff structure that is placed under a thin soft
layer. By quantifying the directional migration efficiency on such surfaces with and without undulations,
we show that migration can be manipulated by flat stiffness patterns, although surface undulations also
play a strong role. Our results offer insight on the effect of cellular scale stiffness and topographical pat-
terns on cell migration, which is critical for the development of fundamental cell studies and engineered
implants.

� 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction surroundings, which ultimately determine their fate and function.
Cells are the smallest unit with self-governing functionality in a
living organism. They constantly sense and react to their
In particular, cell alignment and migration are critical for animal
morphogenesis and wound healing, as well as for undesired cancer
metastasis [1,2]. Technologically, accruing evidence demonstrates
that controlling alignment and motility is crucial for tissue
regeneration and for establishing successful implants [2–4]. Inside
of a tissue, cells reside in a rich microenvironment with a variety of
heterogeneities and anisotropic properties, both biochemical and
physical in nature [5–9]. While much effort has been placed on
understanding the biochemical aspects of cell sensing and
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migration, there is continued interest in cell response to mechani-
cal and geometric cues [10–12]. From a biomaterials development
point of view, these physical variations are interesting because
they provide a route towards manipulating cell migration without
requiring special molecules.

The stiffness of surfaces significantly affects a number of factors
in adherent cells, such as spread area, cell morphology, and differ-
entiation [10,13–19]. When substrates have spatial variations in
stiffness, cells migrate towards stiffer regions in a phenomenon
known as mechanotaxis [20,21]. Utilizing various patterning meth-
ods to create stiffness gradients, studies have demonstrated the
ability to direct cell migration and location by spatially tuning
the mechanical properties [22,23]. Many of these experiments
are conducted with hydrogels, such as polyacrylamide (PAAm)
and polyethylene glycol (PEG), because it is easy to control their
mechanical properties and because they are biologically inert. By
simply changing the ratio of the polymer and crosslinker, the mod-
ulus can be tuned over a range of 3 orders of magnitude. Although
this approach is successful in tailoring the modulus, the different
stiffness materials possess different molecular network properties,
which may also lead to differences in the binding density of
adhesive molecules at the cell-material interface [14,24,25].

An alternative approach to spatially tuning stiffness is by plac-
ing high modulus materials underneath a thin layer of a soft gel. In
contrast to tailoring the crosslinking density, this leads to control
over the stiffness while keeping the polymer network constant,
providing an equal opportunity for cells to adhere to any location
across the substrate (i.e., planar surfaces with homogeneous adhe-
sive molecules and crosslinking density). Using this approach, cells
have demonstrated a preference to reside in stiffer regions [26–28].
However, these studies did not characterize how directional migra-
tion behavior is affected by the underlying stiffness patterns.
Moreover, due to the inherent swellability of hydrogels, it can be
difficult to eliminate undulations at the surface and control the
local mesh size [27]. One can eliminate swelling-induced undula-
tions by utilizing materials that do not swell in aqueous environ-
ments. For example, previous work has taken this approach using
a polydimethylsiloxane (PDMS) elastomer to demonstrate the pref-
erence of cells towards stiffer regions [26]; however, these stiffness
patterns were on size scales larger than a single cell. Although
Degand el al. have utilized nanoscale colloids as the high modulus
component, controlled placement of particles under the layer and
elimination of topography was experimentally challenging [29].

Here we present a simple method to fabricate substrates with a
stiff structure underlying a soft thin layer to pattern the stiffness of
flat surfaces comprising a homogeneous, non-swelling elastomeric
material. The length scale of the underlying patterns is comparable
to the width of a single migrating cell in order to manipulate single
cell migration [30,31]. We then introduce mild undulations to elu-
cidate the effects of both stiffness patterns (i.e., flat surfaces) and
surface undulations (i.e., topography) on cell migration directions
(see Fig. 1). Physiologically, physical heterogeneities smaller than
a single cell are found in normal tissues, making such size scales
relevant for biological systems [5].
2. Materials and methods

2.1. Substrate preparation

The fabrication procedure is summarized in Fig. S1. A master
mold is first prepared by traditional photolithography. Silicon
wafers (p-type, 2 in. diameter) were obtained from Crystec
Kristalltechnologie in the 100 orientation. SU-8 photoresist type
2010 and developer mr-Dev 600 from MicroChem was used as
received and as direct by the manufacturer to create structures
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with depths of 10 lm on silicon wafers. Photolithography was
conducted on a MJB 3 UV 400 mask aligner (Süss Microtec
Lithography) equipped with a PL-360 LP filter (Omega Optical) to
eliminate wavelengths under 350 nm. Photolithography masks
were purchased from Compugraphics Jena. Prior to being used
for molding PDMS structures, the SU-8 molds were fluorinated.
The molds were first exposed to oxygen plasma (Plasma Technol-
ogy) under vacuum for 20 s to activate the surface, and then placed
in an evacuated desiccator for 1 h with �30 lL of 1H,1H,2H,2H-
perfluorodecyltricholosilane (Alfa Aesar) for vapor silanization.
The substrate was then baked at 90 �C in an oven for 1 h to
complete the silanization process.

PDMS elastomer kits (Sylgard 184) were obtained from Dow
Corning. To create the underlying structure, the prepolymer was
mixed with the crosslinker at a 10:1 ratio, degassed under vacuum,
poured over the SU-8 master mold, fully cured for �15 h at 60 �C,
and removed. For the top layer, glass coverslips were obtained
from VWR with a circle diameter of 25 mm and fluorinated in
the same manner as the SU-8 molds. PDMS was mixed at a 60:1
ratio, degassed, and then spin-coated onto the fluorinated glass
at 10 k RPM for 15 min. The films were then partially cured at
60 �C for 1 h (60:1 top layer) or 5 min (10:1 top layer). The stiff
PDMS microstructure was then placed onto the films and allowed
to cure for �15 h. The structures were then peeled away from the
glass to leave the desired substrates. Fibronectin was coupled to
the surface by first activating the PDMS with oxygen plasma for
10 s and subsequently incubated in a diluted aqueous solution of
fibronectin (20 lg/mL) for �15 h in a closed high humidity cham-
ber. To introduce minor surface undulations, 60:1 PDMS was
mixed, degassed, and placed at the ends of the microchannels after
a partial curing step. The samples were instantly placed into the
oven at 60 �C and allowed to fully cure.
2.2. Characterization of surface morphology

Surfaces were examined by scanning electron microscopy by
first sputtering a �2 nm layer of platinum (Bal-Tec, MED 020).
Images were obtained on a LEO 1530VP Gemini scanning electron
microscope. To measure the depth of the subsurface structures, a
NanoFocus lsurf confocal microscope was used. The thickness of
the PDMS thin films on glass were measured by making a cut with
a razor blade and observing with the NanoFocus microscope, which
were �2 lm. Optical images were taken on an upright microscope
equipped with a 50� objective.
2.3. Mechanical testing

The prepolymer to crosslinker ratio was varied from 10:1 for
the stiff underlying structure material to 60:1 for the soft top film.
Thin films were created of 400 lm thickness in a polystyrene dish,
controlled by the volume, and cured for �15 h at 60 �C. Dog-bone
shaped samples were stamped with a 4 mm width and 20 mm
gauge length and measurements were conducted on a Zwick/Roell
Z005 materials testing machine equipped with a 50 N load cell.
Young’s modulus was calculated by performing a linear fit to the
data in the small strain regime. For AFM measurements, tipless
cantilevers were obtained from MikroScience with a spring con-
stant �2–8 N/m. A silica sphere (Bangs Laboratories Inc.) with a
diameter of 1.5 lm was attached to the cantilever tip with a ther-
mal glue (Epikote 1004, Hexicon Specialty Chemicals), allowed to
sit overnight, and then mounted onto the AFM for measurement
(JPK Instruments). AFM cantilevers with �10 nm radius tips were
also used for force measurements. The AFM cantilever spring con-
stant was first calibrated on a silicon wafer. Force-indentation
measurements were taken at 1 lm/s. Prior to measuring, tips were
icroscale stiffness patterns and undulated surfaces, Acta Biomater. (2016),
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Fig. 1. A schematic depicting the experimental approach to investigate cell migration on (a) flat, stiffness-patterned surfaces and (b) surfaces with mild surface undulations.
Dark purple represents high modulus material and light purple represents low modulus material. Cells are seeded on both surfaces to examine their ability to sense and
migrate. The width of the structures and the openings is the same per sample and is 5 or 10 lm. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

J.T. Pham et al. / Acta Biomaterialia xxx (2016) xxx–xxx 3
fluorinated to decrease excessive adhesion. Data was processed
using JPK data processing software.
2.4. Cell seeding and live imaging

HT1080 (ATCC) human fibrosarcoma cells were cultured in
DMEM (Invitrogen) supplemented with 10% fetal bovine serum
(FBS) and 1% L-glutamine from Invitrogen at 37 �C in 5% CO2. For
live imaging, samples were placed into a 35 mm dish with a glass
bottom (ibidi, l-dish) and cells were then seeded. SYTO Green
(Molecular Probes) and GFP Plasmid (Lonza) were used for live
staining to track cells’ cytoplasm and nucleus. The dish was placed
on a Zeiss inverted microscope equipped with an HXP 120C fluo-
rescent source and an Axiocam 506 camera. The microscope stage
was equipped with a chamber for temperature control (ibidi,
TC02), 5% CO2, and high humidity. Images were obtained using
Zeiss Zen software.
2.5. Immunostaining of cells

Cells were fixed with 4% formaldehyde for 5 min at room tem-
perature and washed with Dulbecco’s Phosphate Buffered Saline
(PBS, Life Technologies). Cells were then quenched in 50 mM
NH4Cl. 0.1% Triton-X100 in PBS was used for 4 min followed by
washing with 0.2% fish gelatin (Sigma–Aldrich) in PBS (FG-PBS).
Primary antibody (purified mouse anti-paxillin) was obtained from
BD Biosciences in a concentration of 1.0 mg/mL, diluted to 1:500 in
0.2% FG-PBS, placed on cells in a high humidity chamber for 1 h at
room temperature, and then washed with FG-PBS. The secondary
antibody (FITC goat anti-mouse Ig) was obtained from BD
Biosciences at a concentration of 0.5 mg/mL, diluted to 1:500 in
0.2% FG-PBS, placed on cells for 1 h at room temperature, and then
washed with FG-PBS. Cells were then incubated with rhodamine-
phalloidin (Molecular Probes, Life Technologies) diluted to 1:300
for 15 min. Substrates were mounted with Dianova medium DAPI
Please cite this article in press as: J.T. Pham et al., Guiding cell migration with m
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at 4 �C. Images were acquired with an Olympus microscope
(IX81) equipped with a fluorescence lamp (X-cite series 120PC,
Expo). Confocal images were obtained on a Leica SP8 laser scanning
confocal microscope equipped with a both HyD and PMT detectors.
2.6. Images and analysis

Images were analyzed using the Fiji image processing package
for ImageJ to track cell migration. To measure the sizes of cells,
an ellipse was fit to the cell after thresholding; the minor axis
was then taken as the cell or nucleus width. The migration speed
was calculated for each cell as the total travel distance as a func-
tion of time. Statistical significance was determined with a one-
way analysis of variance and mean comparisons were determined
by a Tukey test using OriginPro (OriginLab Corporation). To mea-
sure the migration direction as a function of angle, MATLAB (Math-
Works Inc.) was used to calculate the angles for each step relative
to the horizontal axis, which were obtained by images spaced in
5 min intervals. The angles were binned every 2.4� (75 bins from
0� to 180�) and each bin value was normalized by the total number
of steps. For all measurements, only single cells that were not in
contact with other cells were considered.
3. Results

3.1. Fabrication of surfaces

Flat and undulated surfaces with cellular to subcellular scale
stiffness patterns are created using a combination of photolithog-
raphy, partially-cured materials and transfer printing methods;
the technique is simple and requires no complex steps, instru-
ments or new materials synthesis. Stiffness-patterned surfaces
are achieved by using two layers: a high modulus structure under-
lying a lowmodulus thin film, as illustrated in Fig. 1. Building upon
the knowledge that cells can feel through thin layers [32–34],
icroscale stiffness patterns and undulated surfaces, Acta Biomater. (2016),
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substrates are fabricated with a �2 lm top film suspended over
high modulus structures, leading to substrates with patterned stiff-
ness that is controlled solely by the underlying geometry. The top
film is �5 kPa, which is relevant for connective tissues and muscles
(�10 kPa) while the underlying structure material is more than
two orders of magnitude larger, which is relevant to collagenous
bone (�100 kPa or greater) [10,35,36]. Undulations are introduced
to the surfaces (Fig. 1) to elucidate the effects of mild surface
topography on cell migration behavior.

To create flat, stiffness-patterned surfaces, a partial curing step
before transferring the suspended thin film is essential. The impor-
tance of this fabrication step is illustrated in Fig. S2. Viscous PDMS
penetrates into the openings of the microstructures without
sufficient partial curing; this eliminates the openings required for
patterned stiffness during the transfer step. On the other hand,
when the film is sufficiently crosslinked by partial curing, PDMS
does not penetrate into the channels upon transfer. Observing sub-
strates under the scanning electron microscope (SEM) revealed a
uniformly flat surface while leaving both open channels (soft
region) and solid PDMS structures (stiff region) under the top film,
as shown in Fig. 2a (see Fig. S2 for a zoomed image). A higher mag-
nification image (10 lm width) is displayed in Fig. 2b. The film
thickness is confirmed to be �2 lm, which is consistent with con-
focal microscopy measurements on the spin-coated films prior to
transfer (Fig. S3). To ensure that cells sense through the top layer,
we implemented the thinnest layers that could be transferred by
this method; thicknesses lower than �2 lm were not easily trans-
ferable. Nevertheless, the thickness is significantly below the crit-
ical limit for cell sensing based on prior reports (�15–100 lm)
[27,32,33]. Thus with our method, we are able to create uniformly
flat surfaces with a homogeneous crosslinking density at the
surface, while also having patterned stiffness.

To test the mechanical properties, we created samples with
varying prepolymer to crosslinker ratios and conducted uniaxial
tensile testing. At a 10:1 ratio, the elastic modulus is
E � 1190 ± 36 kPa, while at higher ratios of 50:1, 55:1 and 60:1,
E � 12, 9, and 5 ± 1 kPa, respectively (Figs. 2c and S3). We chose
to use �5 kPa for the top film material and �1200 kPa for the
underlying structure to maximize the modulus mismatch. In addi-
tion, cells have been shown to sense through materials with elastic
modulus and thickness values in this range [26,27,29,32,33]. We
tested if the geometry of the underlying structure presents a differ-
ence in the substrate stiffness by atomic force microscopy (AFM).
As visualized on the stiffness map in Fig. 2d, differences in stiffness
are observed along the line patterns where lighter regions are stif-
fer. Using the Hertz model to determine the apparent elastic mod-
ulus, we find Eapp � 120 kPa and �15 kPa for the stiff and soft
regions, respectively. However, we note that these are very likely
overestimations [27]. High adhesion in the measurements
(Fig. S4) makes the Hertzian contact model not well-suited for
determining modulus. The contact area is also likely higher than
the assumed contact size, which we are unfortunately not able to
visualize on the AFM. Moreover, contact models have recently been
shown to poorly capture the mechanics of very soft silicone elas-
tomers on small length scales [37]. Therefore we emphasize that
these values are provided only as an approximation of the relative
differences in stiffness.

Small undulations are created by taking advantage of uncros-
slinked PDMS entering into the microchannel openings, providing
a concave shape in the channels (Fig. 2e). We used AFM and confo-
cal microscopy to quantify the geometry of the undulations. A sur-
face profile of a 10 lm pattern (Fig. 2f) reveals a small undulation
depth of �1 lm (h = 0.95 ± 0.5 lm). Taking the width of the chan-
nel,w, the radius of curvature is calculated through a trigonometric
function R = (w2 + 4h2)/8h, leading to R � 13 lm for 10 lm wide
lines and R � 4 lm for 5 lm wide lines. The fact that R is of a
Please cite this article in press as: J.T. Pham et al., Guiding cell migration with m
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similar magnitude to w illustrates the gradual transition of the
undulation, which is evident in Figs. 2f and S5. This leads to a mild
topography with a continuous change in height that is distinct
from prior studies with discontinuous step changes in structure
[38–44]. Surface wrinkles, on the other hand, also provide a small
and continuous surface topography but are limited to sinusoidal
geometries [45–47].

3.2. Cells sense underlying structures and undulations

To investigate the ability for cells to sense the underlying struc-
ture, we stained the protein Paxillin (displayed in green) to exam-
ine focal adhesions (FAs). We found that FAs are positioned mainly
on stiffer regions or near the lateral interface between the stiff and
soft regions. Counting 281 FAs on 14 cells revealed 41% positioned
over the stiff regions, 39% at the interface, and 20% on the soft
regions. Since the interface has a gradient stiffness change, mature
FAs are about 4� more likely to be positioned on stiff regions or
sharing the interface. Fig. 3(a-b) demonstrate the FA distribution
in a cell spanning several stiff and soft regions. The orange arrow-
heads give examples of FAs considered at the interface (i.e., touch-
ing both regions). In Fig. 3(c-d), we show an aligned cell that
extends only a few regions and the FAs continue to be found on
the stiffer lines. Moreover, the FA size is larger on the stiffer regions
and smaller in the soft regions. It is worth mentioning that the FA
position is similar to previous reports on topographical features
where FAs are found at the edge of ridges [38,42,48]. In these
instances, cells are required to adhere to the top of ridges or
deform to reach the bottom valley. An important difference here
is that cells have an equal opportunity to adhere to the surface
from a topographical point of view. Notably, to our knowledge, this
is the first examination of FA position on thin layers with an under-
lying stiff pattern, likely because prior reports have been on pat-
terns larger than the cell. These data on FA position thus support
that cells can sense through soft thin layers and give preference
to stiff areas, leading to an imposed bias towards the underlying
linear geometry.

Cells seeded on flat, stiffness-patterned surfaces also display a
preference towards aligning with the line direction with little dif-
ference in the 5 and 10 lm sizes. This is verified by �25% of cells
aligning within 10� and �45% within 20� of the line direction on
both sizes, suggesting that alignment is not strongly affected under
these parameters (Fig. S6). Qualitatively, we noticed that polarized
cells are able to position themselves on top of a single 10 lm line
but not on single 5 lm lines. Cells would need to strongly com-
press their body and nucleus to fully fit onto a 5 lm line, as shown
by previous work that confined cells to such dimensions
[30,31,49]. In support of this hypothesis, polarized cells show sim-
ilar widths in the body and the nucleus (Fig. S7) on both line sizes.
This suggests that cells prefer to position themselves on top of stiff
lines when their size is not a concern, as previously reported on
stiffness patterns greater than the cell size [26,27].

3.3. Migration on flat and undulated stiffness patterns

Cell substrates using soft gels over stiff structures often lead to
undulations due to the inherent swellability of the film properties,
making it difficult to decouple the effects of surface topography
[26,27,29]. To examine this effect, we introduced slight topograph-
ical features to the substrates (Fig. 2(e-f)). This method allowed for
fabricating substrates with both flat, stiffness-patterned surfaces
and undulated surfaces within a single substrate (Fig. 4a). As one
may expect by previous reports [38,45–47,50,51], the number of
cells aligned to the undulated surfaces is significantly increased
compared to the flat, stiffness-patterned surfaces. The number
of polarized cells increased to �70% and �50% for 10 and 5 lm
icroscale stiffness patterns and undulated surfaces, Acta Biomater. (2016),
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Fig. 2. Characterization of surfaces. (a) An angled SEM image of a flat surface with 5 lm line structures underlying a soft thin film. The black arrow points in the line direction
and the yellow dotted line represents where the sample was cut in order to image the cross-section. (b) A higher magnification SEM image of an open 10 lm channel, showing
a film thickness of �2 lm. (c) Measured modulus values of PDMS as a function of prepolymer to crosslinker ratio. Inset: modulus values for higher mixing ratios in the
red dotted box. (d) A stiffness map of a flat surface measured by AFM showing differences due to the underlying structures. (e) SEM image of surfaces with undulations.
(f) A height profile of a 10 lm undulation measured by AFM (illustrated as the yellow line in (e)). The axes are the same scale for true visualization of the undulation size scale.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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undulations, which is much higher than the �35% observed on the
unpatterned control surfaces. A direct comparison of a single sub-
strate containing both undulations (Fig. 4a,b top) and flat stiffness
patterns (Fig. 4a,b bottom) provides a visualization of the profound
changes in cell morphology on the different regions. Fig. 4c shows
representative trajectories of cells moving near the interface
between flat and undulated surfaces; cells on undulated surfaces
display a higher persistence length, which is demonstrated by
the longer lines on the top half of the plot.

To systematically study how cells migrate on these surfaces, we
tracked the motion of highly mobile human fibrosarcoma cells
(HT1080) on seven different surfaces: flat with 5 lm underlying
structures (denoted as 5F), 5 lm surface undulations (denoted as
5U), flat with 10 lm underlying structures (denoted as 10F),
10 lm surface undulations (denoted as 10U), a high modulus flat
top layer with 10 lm underlying structures (denoted as stiff top
10F), and flat, unpatterned surfaces of both the high and low mod-
ulus mixing ratios as controls (denoted as UnP stiff and UnP soft).

To quantify migration, several cells were tracked on the differ-
ent surfaces over 6 h (80 < n < 315). Shown in Fig. 5a are the
trackings of single cells migrating on 10 lm surfaces (see supple-
mentary information for migration movies and Fig. S8a for 5 lm
surfaces data). All cell origins are shifted to (0, 0) as the starting
position. The direction of cell movement is random for the unpat-
terned control (blue) and strongly oriented in the line direction on
undulations (red), and intermediate for the flat, stiffness-patterned
surfaces (green). The difference between the flat, stiffness-
patterned surfaces compared with the unpatterned controls is
not immediately clear in Fig. 5a. However, analysis of the cell
speed showed a significant increase on the stiff, unpatterned con-
trol compared to the other surfaces, suggesting that cells are
affected by both the underlying stiffness and the undulations
Please cite this article in press as: J.T. Pham et al., Guiding cell migration with m
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(Fig. 5b). Cell speeds on the unpatterned stiff control had a mean
value of 53 ± 15 lm/hr, which is consistent with literature for
fibroblasts [52]. Importantly, cells seeded on substrates with a stiff
(10:1 PDMS), 2 lm top layer migrated with a similar speed of
50 ± 15 lm/hr. Upon introducing either mechanical or geometric
patterns by using a soft top layer, the average speed decreased to
43 ± 14, 35 ± 14, 36 ± 14, and 33 ± 13 lm/hr for 5U, 5F, 10U, and
10F, respectively, which are in the range of the soft, unpatterned
control of 41 ± 13 lm/hr. We found a significant difference in the
speed of cells on stiff surfaces when compared to cells on surfaces
with a soft layer (Fig. 5b).

Cells seeded on flat, stiffness-patterned surfaces showed a dif-
ference in directional migration compared to both the unpatterned
control and the undulated surfaces; this is evident in the raw data
trackings in Fig. S8. To quantify this observation, we measure the
step angle (h) with respect to the axis perpendicular to the pat-
terns. Since images were captured every 5 min, the measured
migration step angle was in such intervals with a step distance,
dstep (Fig. 6a). The angular directions per step for both 5 and
10 lm data sets, with 90� being in the line direction, are presented
in Fig. 6b. In this case, we measure the angle for each step for all
cells, providing information on the average direction of migration
across the population. For both line sizes, we find that the step
direction approaching 90� is much higher on undulated surfaces
(red) and only slightly increased on the flat, stiffness-patterned
surfaces (green). This is shown by the semi-elliptical shape of the
green data that extends past the semi-circular shape of the blue
data in Fig. 6b (see Fig. S9 for a plot without surface undulation
data and the stiff-top 10F patterned control). This supports our
previous finding that cells are not strongly retained on the lines
for flat, stiffness-patterned surfaces, and clearly demonstrates a
difference in the migration behavior among the three surfaces.
icroscale stiffness patterns and undulated surfaces, Acta Biomater. (2016),
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Fig. 3. Confocal microscopy images of cells on flat, stiffness-patterned surfaces with 5 lm lines. Phalloidin-stained actin filaments are displayed in red and Paxillin-stained
focal adhesions are displayed in green. (a-b) A higher density of focal adhesions is found on the stiffer regions or at the interface between stiff and soft regions on a cell
spanning several lines. (c-d) Larger focal adhesions are found on stiffer regions compared to softer regions on a cell aligned with the pattern. The lighter lines in all images
denote soft regions as a guide. Orange arrowheads point out examples of focal adhesions considered at the interface. Panels (b) and (d) are zoomed in images of (a) and (c),
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. (a) An SEM image of the undulations created by PDMS filling and the interface between flat and undulated regions. (b) Fluorescent image of fixed cells at the interface
of flat (bottom) and undulated (top) surfaces with 10 lm line patterns. The dotted line represents the approximate interface. Lines are visible in the flat, stiffness-patterned
region because of the air underneath the PDMS layer. Hence, in the undulated region (no air), lines are not seen in the image. (c) An x-y plot illustrating the persistence on
10 lm flat, stiffness-patterned and undulated surfaces. Each color represents a different cell and the dotted line denotes the approximate interface between flat and
undulated regions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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We introduce a parameter to quantitatively compare cell migra-
tion, called the migration efficiency (Meff). This is defined as the net
displacement (d) normalized by the total travel length (L ¼ P

dstep),
such that when Meff = d/L = 1, the cell moves in a perfectly straight
line. The highest efficiency is found on undulated surfaces and the
lowest on unpatterned controls (Fig. 6c). Importantly, the pat-
terned surface with a stiff top layer displayed similar migration
Please cite this article in press as: J.T. Pham et al., Guiding cell migration with m
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efficiency to that of unpatterned controls, confirming that cells
cannot sense through a high modulus thin layer. We find that there
are significant differences in Meff for the surface types (i.e., stiffness
patterns, undulations and unpatterned controls) but no significant
difference in the pattern size (i.e., 5 or 10 lm). With little differ-
ence between 5 and 10 lm patterns, we plot the distribution of
directional migration efficiency for undulations, flat stiffness
icroscale stiffness patterns and undulated surfaces, Acta Biomater. (2016),
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Fig. 5. (a) Tracking trajectories of single cells migrating on stiff, unpatterned control (blue), 10F (green), and 10U (red). All cells are shifted to a (0, 0) origin for visual
comparison. 5 lm patterns are given in Fig. S8a with similar results. (b) Speed of cells on different surfaces showing a significant difference between the stiff surfaces and the
soft top layered surfaces. ⁄⁄p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. (a) A schematic depicting the measured step distance (dstep), step angle relative to the lines (h), and net travel distance (d). (b) The angular direction of each step in
single cell trackings with 5 min increments for 5 lm and 10 lm substrates. 90� represents the line direction. Number of 5 min steps: 3000 > n > 12,000. (c) Directional
migration efficiency (Meff = d/L) as a function of the different surfaces. Black bars indicate mean values. (d) Normalized frequency distribution of migration efficiencies
independent of size. The graph summarizes all migration data into the 3 surface types (unpatterned, flat stiffness-patterned, and undulated) to illustrate the general increase
in directional migration efficiency with the physical cues. n > 100 for each group. ⁄⁄p < 0.01.
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patterns and unpatterned controls in Fig. 6d. On unpatterned con-
trols, almost no cells reachMeff = 1 with 75% being belowMeff = 0.4.
For undulations, 45% of cells reach Meff P 0.6 compared to 8% for
Please cite this article in press as: J.T. Pham et al., Guiding cell migration with m
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unpatterned controls, a trend consistent with literature [53]. Inter-
estingly, actin filament staining of fixed cells on undulated surfaces
reveals that stress fibers align along the groove, suggesting that the
icroscale stiffness patterns and undulated surfaces, Acta Biomater. (2016),
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cytoskeleton plays a contributing role in increasing migration per-
sistence and directionality (Fig. S10). Flat, stiffness-patterned sur-
faces again show an intermediate efficiency with 25% of cells
reaching Meff P 0.6. Although the average speed of cells is
decreased on both stiffness patterns and undulations compared
to the stiff, unpatterned control, there is an increase in the overall
directional efficiency because cells are moving along the lines with
less random travel directions. Overall, our data suggest that the
speed of migration is governed by the modulus of the immediate
top surface interacting with cells while the directional migration
efficiency is dictated by either the stiffness underlying the soft
layer or the undulations.
4. Discussion

Directional migration in cells, which is important for many bio-
logical functions, is strongly modulated by the surrounding physi-
cal microenvironment during development and disease (e.g.,
undesirable cell spreading in cancer or fibrosis) [54,55]. From a
biotechnological standpoint, controlling cell movement and align-
ment in a particular direction is a matter of interest for improving
external implants and for cell sorting [2,3,56]. Basic cell research
also benefits in the discovery of new materials that can control cell
migration. Therefore, it is necessary to understand how to manip-
ulate directional migration efficiency, which we suggest is a rele-
vant and convenient parameter for quantification and comparison.

The significance of the present study is that it is the first inves-
tigation of cell migration on subcellular length scale stiffness pat-
terns where the stiffness is controlled by underlying structures,
as opposed to crosslinking density. While in recent years it has
been shown that cells can sense underlying high modulus struc-
tures on larger length scales [26,27,33], an understanding of how
to direct cell migration with such a mechanism has remained
unexplored. We have shown that the directed migration efficiency
is improved over unpatterned surfaces by placing stiff, subcellular
scale structures under a thin soft layer. Our migration results
demonstrate that both stiffness patterns and undulated surfaces,
with homogeneous chemical composition at the cell-material
interface, significantly enhance the efficiency of cell migration in
a specified direction.

Although the ability for cells to sense through a soft material is
well accepted [57–59], the influences of the material properties as
well as the thickness of the film is still an ongoing question. In par-
ticular, the depth at which cells are able to feel has not been
resolved with reports ranging from �1 to 100 lm [32]. By poly-
merizing a PAAm gel over stiff glass surfaces, fibroblasts were
reported to show preference for stiffer regions when the film thick-
ness is below �15 lm, regardless of the modulus in the range
tested (3–30 kPa) [27]. Using a PDMS film of �6 lm in thickness,
cells have also been demonstrated to show preference for stiffer
regions [26]. Utilizing wedge shaped gels, cells have been demon-
strated to start sensing through a soft (1–2 kPa) gel at a thickness
as high as �100 lm [33]. For these reasons, we prepared a low
modulus PDMS film within this range (�5 kPa) with a thickness
near the lower limit of these values (�2 lm). We emphasize that
prior reports on surfaces with stiff underlying structures have
mainly discussed cell preference for those regions with length
scales much greater than the cell size. Here we extend that knowl-
edge by examining cell migration on surfaces using underlying stiff
patterns with length scales of a similar size to the cell.

In addition to studying stiffness patterns on surfaces of homo-
geneous chemical composition, our results demonstrate that sur-
face undulations play a key role in cell response. While it has
been shown that cells align and migrate in the direction of micro-
grooves [40,41,51,53,60], we investigate a different parameter, the
Please cite this article in press as: J.T. Pham et al., Guiding cell migration with m
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migration efficiency, on both stiffness-patterned and undulated
surfaces. Such a parameter offers a new route towards understand-
ing not only cell migration on surfaces, but a quantitative parame-
ter to explore other cell behaviors. Our results open questions to be
explored related to how various combinations of top layer thick-
ness, top layer modulus, underlying structure size, underlying
structure modulus, depth of undulation, and chemical composition
of the cell-material interface, affect cell migration direction and
other cell responses.

We briefly return to our finding that the average cell speed is
decreased on stiffness-patterned and undulated surfaces compared
to the unpatterned stiff control. A closer examination of the migra-
tion steps reveals that in fact, cells move faster along the direction
of the line patterns (Fig. S11). As the migration direction shifts
away from the line direction on both flat, stiffness-patterned sur-
faces and undulated surfaces, the step size diminishes. This
demonstrates that stepping in directions outside of the line pattern
lowers the average speed compared to the unpatterned stiff con-
trol. For the latter, cells move at a consistently faster speed but
in arbitrary directions. Nevertheless, Meff is higher for both flat
stiffness patterns and undulated surfaces because their motion is
less arbitrary, confirming that directionality, not speed, is the key
to efficient migration.

Regarding pattern sizes, previous results have demonstrated
that a number of physical cell parameters change around or below
lines patterns of �10 lm. For example, using a photo-ablation pat-
terning method, Doyle et al. have found that the migration velocity
and cell shape are altered below 10 lm lines [30]. By microcontact
printing adhesive proteins, Versaevel et al. have demonstrated a
compression in the nucleus, changing the nucleus width to the size
of the 10 lm wide pattern [31]. Our group has also recently
demonstrated that the ability of cells to escape from a monolayer
is a function of the width of the escape route with profound
changes between 5 and 10 lm [49]. In these cases however, chem-
ical modification and patterning were implemented to confine the
cell. Here, cells are not confined by their adhesive space as com-
pared to the aforementioned chemical patterning methods. With
our surfaces being chemically homogeneous, we believe that the
cell size and shape are not strongly influenced by the stiffness pat-
terns and undulations, leading to similar migration results on both
5 and 10 lm patterns. Nevertheless, the high migration efficiency
registered on the undulations can be attributed to the observed
cytoskeletal alignment within the undulation; this may have a
similar effect to chemical confinement that is sufficient to guide
cell directionality. Overall, these stiffness-patterned and undulated
surfaces have a clear impact on cell migration that may alterna-
tively impact internal cellular mechanisms outside the scope of
our work (i.e., cell fate, gene expression or mitosis).
5. Conclusion

In summary, we investigated the migration of single cells on
surfaces with cellular to subcellular sized stiffness patterns, with
and without surface undulations. We present a simple technique
to create flat, chemically homogeneous surfaces with varying stiff-
ness by suspending a soft thin layer over a stiff microstructure.
Surface undulations are introduced by filling the microstructure
with soft elastomer. We confirm that cells are able to sense the
stiff, underlying pattern through a layer of a couple microns.
Despite cells being able to orient and migrate in the line direction
on flat, stiffness-patterned surfaces, the addition of small undula-
tions significantly boosts this effect. Cells on flat stiffness patterns
showed higher directional migration efficiency compared to unpat-
terned controls, but lower migration efficiency when compared to
undulated surfaces. Overall, we demonstrate that cells can indeed
icroscale stiffness patterns and undulated surfaces, Acta Biomater. (2016),
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sense underlying stiff structures using commonly implemented
modulus and thickness values, demonstrating the potential for
using thin layers to guide cell migration. Moreover, when investi-
gating cell migration in response to substrate stiffness, surface
undulations cannot be neglected. Our results provide insight on
directing migration by physical cues to complement chemotactic
or haptotactic cues to develop new fundamental and biotechnolog-
ical studies on biomaterials, tissue engineering, prostheses, cell
sorting and cell migration.
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