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a b s t r a c t

Cells in tissues encounter a range of physical cues as they migrate. Probing single cell and collective
migratory responses to physically defined three-dimensional (3D) microenvironments and the factors
that modulate those responses are critical to understanding how tissue migration is regulated during
development, regeneration, and cancer. One key physical factor that regulates cell migration is topog-
raphy. Most studies on surface topography and cell mechanics have been carried out with single
migratory cells, yet little is known about the spreading and motility response of 3D complex multi-
cellular tissues to topographical cues. Here, we examine the response to complex topographical cues of
microsurgically isolated tissue explants composed of epithelial and mesenchymal cell layers from
naturally 3D organized embryos of the aquatic frog Xenopus laevis. We control topography using fabri-
cated micropost arrays (MPAs) and investigate the collective 3D migration of these multi-cellular systems
in these MPAs. We find that the topography regulates both collective and individual cell migration and
that dense MPAs reduce but do not eliminate tissue spreading. By modulating cell size through the cell
cycle inhibitor Mitomycin C or the spacing of the MPAs we uncover how 3D topographical cues disrupt
collective cell migration. We find surface topography can direct both single cell motility and tissue
spreading, altering tissue-scale processes that enable efficient conversion of single cell motility into
collective movement.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Several methods have been developed to study the effect of
topographical cues on single cell motility and collective migration
on surface micropatterned substrates including highly convex silica
surface, thin elastic films, poly-acrylamide gels, and microcontact
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printing of self-assembled monolayers to control the cell migration
[1e4]. Single cell motility has been more extensively studied with
3D topographical structures such as microwells, micro-grooves and
ridges, and micropillars [5e8]; however, little is known about
collective cell migration within topographically controlled surfaces
and especially in multi-cellular integrated systems during devel-
opment. Microfabrication techniques can be used to create complex
topography and evaluate the effect of surface topography on
cellular behavior and collective migration (SOFT MATTER 7:9871-
9877, 2011). Microfabricated micropost arrays (MPAs) provide a
tool for studying biological responses to complex surfaces [9e12].
Advantages of MPAs include widely available fabrication processes,
enhanced user control over surface topography and improved de-
vice repeatability. While both cultured single cells and confluent
multi-cellular tissues have been cultured on MPAs, little is known
about the effects of the arrays on embryonic tissues or how MPAs
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might regulate morphogenesis. MPAs have been used to precisely
control cell substrate interactions, allowing local control of sub-
strate stiffness and global modulation of tissue microenvironment
[13e15]. Microfabrication techniques have allowed the production
of various precision engineered surfaces for quantitative analysis of
cell motility including cantilevers [16e18], thin silicon [12,19,20],
and pre-stressed thin polymer films [21] or thick polymer gels [11].
Like other microfabricated structures, MPAs can be constructed
with precise diameter, height, and micropost spacing. Micro- and
nano-structures made from poly(dimethylsiloxane) (PDMS) have
been widely used as surfaces in studies of single cell motility
[13,14,22]. MPAs fabricated from PDMS have been used to visualize
cell and tissue generated traction forces where cells are only
allowed to adhere to the tip of the posts [14].

Cell motility and collective migration are studied almost exclu-
sively in epithelial monolayers cultured on flat homogenous sur-
faces yet tissues within embryos and adults are complex
composites composed of epithelial and mesenchymal cells that
must coordinate their migration within a microenvironment con-
sisting of topographically heterogenous surfaces [17,23e25]. Col-
lective cell migration plays an important role in numerous
physiological and pathological conditions, such as morphogenesis,
wound healing, and tumor metastasis [26e29]. Single cell migra-
tion involves an integrated set of mechanical processes including
cell extension, retraction to a leading edge and adhesion to a sub-
strate through specific receptors [20,21,30e32]; these processes
transmit contractile forces generated within cells to the sur-
rounding matrix at the cell's leading and trailing edges [33,34].
Recent studies have shown that topographical and physical prop-
erties of the surrounding extracellular matrix have a significant
influence on both collective and single cell migration, as well as on
the regulation, formation, and organization of tissues [9,35e37]. By
contrast, little is known about the mechanisms that control col-
lective migration of more complex composite tissues composed of
multiple cell types such as epithelial and mesenchymal cells. Many
of the large scale tissue movements that establish the body plan
and organs of embryos involve collective migration of composite
tissues (e.g. Ref. [38]).

Xenopus laevis animal cap tissues are a primary, composite
tissue which undergo collective migration both in the embryo
and when explanted and cultured on ECM-coated substrates.
These tissues initially contain two to three layers of mesen-
chymal cells covered by a single cell layered epithelium. Collec-
tive migration is mainly driven by radial intercalation of
mesenchymal cells and programmed height changes in mesen-
chymal and epithelial cells. Radial intercalation of mesenchymal
cells perpendicular to the plane of the epithelium thins out the
multi-layer mesenchymal cells into one layer over time and re-
sults in outward spreading. The use of embryonic tissues offers
several advantages to study collective migration in that embry-
onic tissues naturally integrate 3D arrays of cells to carry out
programs of morphogenesis in a rapid and stereotypical fashion.
The functional behaviors of isolated embryonic tissues contrast
to behaviors exhibited by co-cultures of immortalized cells
which are unlikely to interact natively and are commonly studied
within immutable synthetic 3D matrices. Study of collective
migration of composite embryonic tissues remains relevant to
understanding later processes in adult organisms such as healing
and cancer progression. For instance, invasive movements of
tumor cells are coordinated in composite tissues composed of
both epithelial and mesenchymal cells [39] and similar processes
during wound healing involve complex tissues composed of both
epithelial and mesenchymal cells [40].

In this paper we specifically investigate how multi-cellular tis-
sue explants respond as they spread within MPAs. We use
conventional soft photolithography techniques to fabricate MPAs
withmicroscale features and coat all surfaces with the extracellular
matrix protein fibronectin to promote cell attachment (Fig. 1aec).
We find that the surface topography affects both tissue spreading
and cell motility (Fig. 1c, d). Furthermore, surface topography
provides guidance cues to single cells and enhances the efficiency
of collective cell migration. Interestingly, as the density of MPAs
increased single cell migratory rates were unaltered; however, the
persistence of cells at the periphery of a tissue was affected by
surface topography. Modulation of both MPA density and cell size
through usingMitomycin C demonstrates that complex topography
can disrupt collective cell behaviors that enhance tissue spreading
rates.

2. Materials and methods

2.1. Fabrication of PDMS micropost arrays

Micropatterned substrates were fabricated using standard soft
lithography and replica-molding processes. Chrome photomasks
(Fineline Imaging) were designed to createmicroposts with heights
of 40 mm and varying radii. A double-layer of SU-8 was used to help
sustain the mold for a longer time. The bottom layer was spin-
coated with hexamethyldisilazane (HMDS) twice at 600 rpm for
6 s and then 4000 rpm for 30 s followed by being dehydration-
baked at 150 �C for 20 min to eliminate any moisture on the
wafer. HMDS was used to reduce the interfacial stress between the
SU-8 and the silicon wafer to enhance SU-8 adhesion. To fabricate
the positive master, the negative photoresist SU-8 (5) (Microchem,
Newton, MA), was spin-coated onto the clean Silicon wafers at
600 rpm for 10 s, and then 3000 rpm for 30 s, resulting in a
thickness of approximately 10 mm. Afterward, wafers were soft
baked on a hotplate at 105 �C for 18 min, and then cooled at room
temperature (25 �C). The second layer was spin-coated with SU-8
(50) to achieve a thickness of approximately 40 mm and soft
baked. The micropost arrays (MPAs) were created using projection
photolithography (Karl Suss MAS6 Contact Aligner) through
exposure of ultraviolet (UV) light for 23 s for a total energy of
184 mJ/cm2. Afterward, the post exposure bake was performed at
105 �C for 7 min, and the wafers were cooled at room temperature
(25 �C). The wafers were developed in a large beaker of MF-26A
developer for 5 min, and then rinsed thoroughly with fresh solu-
tion of MF-26A followed by being then rinsed with deionized (DI)
water and gently dried with nitrogen. A hard bake was performed
on a hotplate at 80 �C for 5 min to prevent any peeling off of silicon
from the master.

To make a negative template containing an array of holes, a
prepolymer of poly(dimethysiloxane) (PDMS) (Sylgard 184,
Dow-Corning), was poured over an array of SU-8 (Microchem,
Newton, MA) posts made on silicon wafers by standard photo-
lithography at a 10:1 (base:curing agent) ratio and cured at room
temperature (25 �C) in a vacuum chamber overnight. The
fabricated micropost arrays were peeled off from the SU-8
master, oxidized in oxygen plasma for 1 min (200 millitorr
(27 Pa); Plasma Prep II, SPI Supplies, West Chester, PA), and
silanized with (tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-
trichlorosilane (United Chemical Technologies, Bristol, PA) va-
por overnight under vacuum to aid in the subsequent release of
PDMS from the template. To make micropost arrays, PDMS
prepolymer was poured over the template, degassed under
vacuum, covered with coverslip glass, cured at 65 �C for 3 h, and
peeled off the template. Upon peeling from the mold, the PDMS
MPAs were formed. However, many posts collapsed during the
peeling from the mold due to high surface tension. We used an
ultra-sonification bath in ethanol to restore the collapsed posts



Fig. 1. Observation of collective integrated 3D multi-cellular migration on fabricated surface topographies. (a) Schematic of microsurgically excised animal cap explant from Xenopus laevis embryo at early gastrula stage 10þ. (b) Isolated
multi-cellular Xenopus laevis animal cap (AC) tissue. (c) AC plated down on micropost arrays (MPAs). Upper panel shows a zoomed in portion of the single-layer epithelium and one layer of mesenchymal cells. Middle and bottom panels
show the animal cap initially after plating and after mesenchymal cell layers infiltrate the MPAs, respectively. (d) Representative max z-projected confocal image of an AC on MPAs with fluorescent nuclei (H2B-GFP) (upper panel) and
representative bright-field image of an AC on MPAs (bottom panel) during spreading. Lower panel shows angle bins at which spreading rate was calculated for tissue spreading analysis. (e) Upper panel shows a confocal image
reconstruction of individual nuclei within MPAs after spreading for 20 min, and 4 h. Bottom panel shows bright-field still images of ACs spreading (0 h and 10 h post plating) on flat PDMS and MPAs with a diameter of 10 mm and a 1:2
center-to-center ratio.
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to their upright orientation and dried them using supercritical
point CO2 to prevent the pattern collapsing again because of
capillary forces.

Supercritical CO2 has low surface tension and high diffusivity.
Supercritical drying has been used in photolithography and
MEMS to prevent pattern collapse caused by capillary forces
during drying. We used this technique to restore the collapsed
high-aspect-ratio micro- and nanoposts. The collapsed posts
arrays were first soaked in an ethanol solution, followed by
ultra-sonification for 20 min to enable the separation between
the posts that were next to each other and had come into con-
tact with each other. The wet sample was then transferred into
the supercritical drier chamber (Leica EM CPD030) and filled
with liquid CO2. The ethanol was purged from the chamber
under a continuous flush of liquid CO2. After several purge-flash
cycles to completely remove the ethanol, the chamber was
heated above the critical point of CO2 (31.1 �C, 1200 psi) and
maintained for 5 min before slowly venting to atmospheric
pressure.

The dried MPAs were examined using a microscope SEM to
measure their dimensions and spacing. The MPAs were designed
with four different diameter (10 mm, 20 mm, and 40 mm), with a 1-
to-2 (center-to-center) ratio between the interpost spacing main-
tained for each diameter. To improve the cellular attachment to the
PDMS microposts, the surfaces were oxidized in air plasma to
render the surface hydrophilic and then immersed in a solution
with fibronectin (Roche Molecular Biochemicals, Indianapolis, IN)
at a concentration of 25 mg ml�1 overnight and incubated at 4 �C to
allow for protein adsorption.

2.2. Embryo culture and explant tissue preparation

Eggs were obtained from female X. laevis frogs and fertilized
in vitro. Fertilized eggs were dejellied, and cultured in 1/3� Modi-
fied Barth's Solution (MBS) containing 88 mM NaCl, 1 mM KCl,
2.5 mM NaHCO3, 0.3 mM CaNO3, 0.41 mM CaCl2, 0.82 mM MgSO4,
15 mM HEPES (pH 7.6), to early gastrula stages [41] following
standard methods [42]. At early gastrula stage 10e10.5, embryos
were selected and transferred to culturemedia, Danilchik's For Amy
(DFA), containing 53 mM NaCl, 5 mM Na2CO3, 4.5 mM KGluconate,
32 mM Na Gluconate, 1 mM MgSO4, 1 mM CaCl2, and 1 g of bovine
serum albumin (BSA) per 1 L, and then buffered to pH 3 with 1 M
bicine, for microsurgery.

Gastrula stage embryos were transferred to DFA for microsur-
gery and vitelline membranes were removed manually with for-
ceps. Incisions using eyebrow knives and hair loops served to
remove the animal cap ectoderm from the embryo. Explants were
rinsed in fresh DFA, transferred to chambers holding the PDMS
surface, and positioned on the surface using a hair loop. The
chamber was sealed with a glass coverslip held by silicone grease
for subsequent microscopy and image analysis.

For microinjection of mRNA encoding fluorescent proteins or
lineage tracers, fertilized embryos were placed in 1� MBS con-
taining 3% Ficoll. mRNA encoding H2B-GFP (~0.7 ng) was injected at
four equally spaced sites the animal hemisphere of one- to two-cell
stage embryos using a pressure-valve controlled injector (PLI-100,
Harvard Apparatus). Embryos were returned to 1/3� MBS after
microinjection. Cell size in Xenopus embryonic tissues was modu-
lated with Mitomycin C (MMC; SigmaeAldrich, M4287-2MG) to
block cell division and DNA synthesis. Mitomycin C stock solutions
were diluted in dimethyl sulfoxide at 1.5 mM, stored at 4 �C, and
used for 2 to 3 weeks. Tissues were allowed to spread for 1 to 2 h at
which time 15 mMMMCwas added. Differences in tissue spreading
between MMC-treated and controls were analyzed for significance
with 2-way ANOVA.
2.3. Microscopy and imaging processing

We acquired time-lapsed images tissues spreading over micro-
post arrays surfaces on an inverted compound microscope (Zeiss
Axiovert S100) XY-stage at the focus of a stereoscopemountedwith
a CCD camera (Scion Imaging Corp). Multiple positions were
recorded from the same chamber using an XY motorized stage
(Marzhauser and Ludl) controlled by a computer image acquisition
system (ImageJ and Micromanager [43]). Time-lapse sequences
were collected for up to 20 h. The position of the leading edge was
segmented using edge detection (MatLab, The Mathworks, Cam-
bridge, MA). Segmentation of subsequent images allowed us to
automatically track tissue areas and nuclei over time to track tissue
spreading and cell nuclei movement.

Laser scanning microscopy was used to acquire high-resolution
confocal image stacks of tissues expressing fluorescently labeled
nuclei. Confocal time-lapse sequences were collected using a
confocal laser scan head (SP5 Leica Microsystems) mounted on an
inverted compound microscope (DMI6000, Leica Microsystems)
using acquisition software (LASAF, Leica Microsystems). Samples
were illuminated using a 488 nm Argon laser. For time-lapse se-
quences of animal cap spreading, images were acquired with a 0.7
NA 20� objective every 3e4minwith an acquisition rate of 400 Hz,
resolution of 512 � 512 pixels and a pinhole setting of 1.2 A.U. For
fixed samples, high-resolution images were acquired with a 0.95
NA 25� water-immersion plan apochromat objective.

Nuclei detection and tracking were carried out using the
MOSAIC Particle 2D/3D plugin in ImageJ (available at http://rsb.
info.nih.gov/ij; developed by Wayne Rasband, National Institutes
of Health, Bethesda, MD). Ideal parameters for nuclei detection
were manually set for each experiment (typically 6 pixels, 1.0 and
4% for radius, cutoff, and percentile, respectively). The link range for
particle linking was set to 2 frames and the link displacement was
set to 10 pixels. Nuclei trajectories were analyzed by custom scripts
to calculate velocity, persistence, and directedness (MATLAB).
Nuclei trajectories were considered for analysis only if they
appeared in a minimum of 10 frames.

3. Results

3.1. Interfacing MPAs with complex multilayered embryonic tissues

Since the microenvironments found by cells and tissues in vivo
are more heterogenous than glass or plastic, we used MPAs to
understand how complex composite tissues spread in response to
changes in topography. We prepared MPAs with a fixed height of
40 mm with controlled differential spacing; posts of 10 mm, 20 mm,
and 40 mmwere fabricated with center-to-center spacings of twice
their diameter (Fig. 1c and Supplementary Fig. 1). The complete
surface of the MPAs was coated with fibronectin. To determine if
cells were attached and were able to migrate, we collected confocal
time-lapses of live tissues expressing a fluorescent nuclear marker
(mRFP conjugated histone 2B; H2B-mRFP) [44]. Immediately after
tissue placement on 40 mm spaced MPAs, mesenchymal cells were
able to attach to the top of the post array then moved to the base of
the posts within a few minutes (Fig. 1e, Supplementary Fig. 6).
Mesenchymal cells in the tissue explant fully spread to contact the
surface of these MPA within 20 min and maintained contact with
the entire post array for 4 or more hours (Fig. 1e).

3.2. Collective migration rates are regulated by surface topography

To understand how the surface of PDMS alone might regulate
spreadingwecompared explant spreading rates on cover glass, petri
dish, and bulk PDMS (Fig. 2a and Supplementary Video 1).

http://rsb.info.nih.gov/ij
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Fig. 2. Tissue spreading rate on 3D fabricated surface topographies. (a) The averaged radial displacement (distance of the edge moving away from the original center of the AC) of
Xenopus tissue spreading on 3D surfaces over time. The radial displacement is calculated through image processing in MATLAB described (additional details are found in the
Supplemental methods). The solid lines and shaded areas indicate the mean and standard deviation across surfaces (n ¼ 5 for each condition). (b) Maximum rate of spreading and
migration for Xenopus tissue on varied surfaces. (c) To account for additional surface area along the post side-walls, we divide the spreading rate for 40-, 20-, and 10-mm post arrays
by the factors 0.75, 0.63, and 0.50, respectively. All error bars indicate 95% confidence interval (n ¼ 5 for each condition). All statistical comparisons were Student's t tests, **P < 0.01.
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Mesenchymal and epithelial cells maintain the architecture of
spreading tissue explants;mesenchymal cells contact the PDMS and
a layer of epithelial cells covers themesenchymal cells as theywould
in the embryo. Since our MPAs were fabricated with PDMS, we
wanted to compare the effectiveness of flat PDMS to other conven-
tional surfaces suchas glass orplastic petri dishes. The tissues spread
at varying rates indicating that the surface composition (Fig. 2b) and
topography are important (Fig. 2a, Supplementary Fig. 2). From
time-lapse sequences collected with brightfield microscopy of
spreading tissues we calculated the maximum radial displacement
and average spreading velocity. We found that tissues on high
density arrays spread slower and covered less area than low density
arrays or flat surfaces (Fig. 2a, b and Supplementary Video 1).
Notably, when tissues spread into 10 and 20 mm spaced MPAs, the
start of spreadingwas delayed up to 5 h. This delaymaybe due to the
spreading of cells over the surface of the posts since the projected
surface area density of the substrate was considerably higher in the
arrays. However, while the start of spreading was delayed in the
densest MPAs, explants were still able to spread (Fig. 2a and
Supplementary Fig. 3). Since the effect ofmaterial on spreading over
flat surfaceswas generally small,we focused our analysis to explants
spreading on PDMS, either as a flat surface or patterned with MPAs.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.biomaterials.2015.04.021.

Since denser posts increase the available substrate area for tis-
sue spreading, we wanted to normalize tissue spreading rates by
the available substrate area. Post arrays increase the substrate area
within a 2D region by the addition of surface area on the side-walls
of the post array. For example, a 20 mm by 20 mm region viewed in
the microscope contains the surface of the 20 mm � 20 mmwith the
additional area of the post side-walls (e.g. for a single 10 mm post
the side-wall area is 2pRH; 2p*5*40). Thus, for the 10, 20, and
40 mmpost arrays the available surface area is 4.1-, 2.6-, and 1.8-fold
greater than the 2D apparent area. To correct for the available
surface area for tissue spreading, we divided the tissue spreading
rates by a scaling factor for each size micropost array (Fig. 2c).
Macroscopically observed spreading rates decrease with increasing
post density (Fig. 2b), however, we find that this trend is dimin-
ished, but not eliminated once the velocities are scaled (Fig. 2c).
3.3. Collective movements can be dominated by topographical cues

We fabricated 10 mm MPAs adjacent to regions of flat PDMS and
placed individual explants so they would span the interface as this
would allowus to examine competing surface topographical cues and
thus probe deeper into the collective migration affected by surface
topography. AsbeforewhereMPAsaltered tissue spreading,we found
that tissues spanning both flat surfaces andMPAs spread faster in the
direction of the flat surface than on the MPAs (Fig. 3a, b and Supple-
mentaryVideo2).We found the area of the explants spreadon theflat
surface regionwasgreater thanthearea spreadover theMPAs (Fig. 3b,
c) and the rate of tissue spreading into theMPA also was significantly
lower when compared to the rate of spreading over flat PDMS sur-
faces. All explants migrated asymmetrically with a higher rate over
flat surfaces (averageedgevelocityof13±2mmperhouroverMPAsvs.
38±11mmperhouroverflat surfaces). Tissues spanningflatandMPAs
spread less thanhalf thedistanceonto theMPAthanonto the adjacent
flat surface (Fig. 3d). These results indicate that both the rate and di-
rection of collective migration can be controlled by surface topog-
raphy in an anisotropic microenvironment.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.biomaterials.2015.04.021.

3.4. Surface topographical cues influence individual cell movements
within the tissue

To understand tissue spreading at an individual cell level in
these composite tissue explants, we expressed H2B-mRFP and
tracked mRFP expressing mesenchymal nuclei in tissues spreading
into 10 mm, 20 mm, and 40 mm MPAs (Fig. 4a and Supplementary
Fig. 4 and Supplementary Video 3). To understand the difference
between single cell movements that were random and those
directed toward the edge of the explant, we calculated the angular
deviation of the nuclei trajectory movements [45]. The angular
deviation ranged from 0 to 81�, and we found the angular deviation
of cells in the center of explant was significantly greater than cells
on the edge (Fig. 4b, c; P < 0.001; One-way ANOVA). We found no
significant differences in the angular deviation of either edge or
center cells betweenMPAs of differing spacing or flat PDMS (Fig. 4d
and Supplementary Video 4).

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.biomaterials.2015.04.021.

3.5. Cell size regulates effect of narrowest MPAs on collective
movement

MPAs appear to act as physical barriers that slow collective cell
migration leading us to hypothesize that the migration rates of
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Fig. 3. Spreading of tissues on competing 3D surfaces. (a) Sequential 10 h time-lapse images of ACs initially placed with their basal surfaces: (i) primarily on flat surface; (ii) evenly
interfaced between the flat surface and MPAs, and (iii) primarily on MPAs. The dotted line indicates the interface position. (b) Radial displacement binned into measurements for
every 30� along tissues in (a) on flat PDMS (black line) and on MPAs (gray line) for the three cases. (c) Histogram of radial displacement for the three cases (gray, flat PDMS; white,
MPA surfaces) and (d) Displacement on MPAs and flat PDMS surfaces normalized to control flat PDMS spreading. Through this approach, we could determine the increase or
decrease relative to flat PDMS spreading. All statistical comparisons were Student's t tests, ***P < 0.001.
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Fig. 4. Cell motility within tissue spreading on 3D surfaces. (a) Representative max z-projected confocal image of an AC with fluorescent nuclei (H2B-GFP) during spreading with
example nuclei trajectories in center and edge nuclei. (b, c) Rose plot distribution of representative nuclei trajectory angles (initial position to final position) in center (b), and edge
(c), nuclei of an AC spreading into a 40 mm MPA. One 200 � 200 mm region of edge and center nuclei was analyzed. The angular deviation is the spread of the nuclei trajectory angle
data. Higher deviation is observed in center nuclei compared with edge nuclei (75.6� vs. 49.7�). (d) Angular deviation of nuclei trajectories on flat PDMS and on MPAs surfaces (mean
angular standard deviation in center and edge nuclei are 46.8 ± 5.18� and 71.32 ± 4.96� , respectively).
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tissues with larger cells would be reduced. Since the narrowest
spacing between the microposts approached the size of individual
cells we hypothesized that changing cell size would affect tissue
spreading through the MPAs. To control cell size during tissue
spreading we took advantage of the biology of Xenopus embryonic
tissues. Early Xenopus embryos undergo rounds of reductive
cleavage, i.e. cells do not grow between cell divisions [42] but
rather divide their cytoplasm between the two daughter cells. Thus,
in order to make larger cells we inhibited cell division with 15 mM
Mitomycin C (MMC [46] and Supplementary Fig. 5). We confirmed
the effect of MMC on the cell cycle by tracking mitotic events in
confocal time-lapses sequences collected over 3 h in control and
MMC treated explants (Supplementary Fig. 6a). In the first 5 h of
spreading, there was no significant change in the rate of spreading
between control and MMC treated explants (light gray bars in
Supplementary Fig. 6a) due to the delayed effect of MMC in
inhibiting cell divisions. After 5 h of incubation with MMC, we
observed significantly decreased spreading on most of surfaces
except on flat PDMS and 40 mm MPAs (dark gray bars in
Supplementary Fig. 6a). Tissues composed of larger cells had lower
spreading rates.

3.6. Cell size alters persistence of migration through the MPAs

To understand how individual cell movement contributes to
collective migration of the multilayered tissue through MPAs we
calculated persistence, directedness, and velocity of individual
nuclei. Persistence was calculated by dividing net nuclei displace-
ment by total nuclei displacement (Supplementary Fig. 6b). Inde-
pendent of the surface topography, we found that cells at the
periphery of the explant migrated more persistently than cells in
the center of the explant. To characterize the entrainment of
persistent migration toward the edge of the explant, we calculated
the angle the cell makes with respect to the nearest edge, a quantity
we termed directedness. The mean directedness was calculated for
each edge nuclei by taking the cosine of the displacement vector
angle after the tissue was rotated such that the expected spreading
direction was 90� (Supplementary Fig. 6c). For example, the cosine
of the angle of the cell migratory net vector would be equal to 1 if
the cell moved directly towards the direction of spreading. Alter-
natively, the cosine would be 0 if the cell moved perpendicular to
the direction of spreading, and �1 if the cell moved away from the
direction of spreading. Cells in MMC treated explants did not have
significantly different directedness values from controls across
MPAs surfaces, however on the flat PDMS surface, directedness was
significantly reduced in MMC treated explants (P < 0.01; T-test)
(Supplementary Fig. 6c).

The mean velocities of cell nuclei on all surfaces in control cells
were higher on the edge than the center (Supplementary Fig. 6d;
P < 0.01; 2-way ANOVA). The mean velocity of cell nuclei on all
surfaces in MMC-treated cells was similar to the controls
(Supplementary Fig. 6d; P ¼ 0.237; 2-way ANOVA). Paradoxically,
we observed velocities of cell nuclei in the control andMMC treated
tissues were nearly identical even as the overall tissue spreading
rates slowed in dense MPAs (Supplementary Fig. 6a). This obser-
vation suggested that the persistence of migratory cells and their
collective behaviors might depend on cell size and MPA density so
we examined the persistence as a function of cell size and cell
location across the tissue (center vs. edge; Supplementary Fig. 6b).
Cells near the edge of spreading tissues treated with MMC were
significantly less persistent than cells near the edge of tissues
spreading on flat PDMS, 10 mm, and 20 mm spaced MPA surfaces
(P < 0.01; no significancewas observed for cell persistence in 40 mm
spaced MPAs). Cells in the center of the tissue did not show this
trend, with only tissues on the flat surface yielding any difference
(P < 0.05) in persistence after drug treatment. From these experi-
ments, we concluded that changes in the rate of tissue spreading
(Supplementary Fig. 6a) reflected changes in cell migration
persistence rather than cell velocities.

These results suggested a simple phenomenological model that
coupled single cell migration to tissue spreading rates. Since MPAs
appeared to disrupt both uncorrelated cell movements in the
center of the explant and collective cell movements at the edge we
sought an equation that would relate measured characteristics of
uncorrelated cell migration (velocity, persistence, and directed-
ness) to predict tissue velocity at the edge of the explant. Assuming
each explant spread as the uncorrelated movement of individual
constituent cells, one could write an equation that would estimate
tissue spreading velocity based on uncorrelated cell migration pa-
rameters within the center of the explant (Supplementary Fig. 6a):

VTissue ¼ PnucleiðedgeÞVnucleiDnuclei

where VTissue is the spreading velocity of the tissue, PnucleiðedgeÞ is the
persistence of nuclei, Vnuclei is the velocity of nuclei, and Dnuclei is
the directedness of nuclei at the edge of the explant.

We find that the observed spreading velocities on dense MPA
surfaces could be predicted by this equation but spreading
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velocities exceeded this prediction as MPA densities were lowered
(Fig. 5b).

4. Discussion

By culturing multi-layered embryonic tissues composed of
epithelial and mesenchymal cells on 3D microscale structures, we
have been able to examine how geometric features of the surface
topography modulate single cell movement and how these move-
ments contribute to collective migration. MPAs reduced the rates of
collective migration, but did not alter the rates of single cell
movement. Varying MPA density and cell size exposed the inter-
action between these two geometric factors during tissue
spreading. Neither individual cell behaviors nor spreading rates of
“large-cell” tissues differed from those on flat surfaces, however,
increased cell size did reduce the rate of spreading into MPAs.
Similar effects were observed when normal-sized cells migrated
within dense MPAs. The reduced rates in tissue spreading could be
attributed to reduced persistence of single motile cells.

One possible explanation is that persistence is governed by the
frequency of collisions between cells and the microposts. In other
words, the more frequently a cell contacts a micropost, the more it
changes the direction, and the less persistent it is. This suggests that
larger cells would collide with posts more frequently, become less
persistent, and slow down. An analogy would be the game, Plinko,
where a disc is dropped through a vertical peg board with sta-
tionary pegs. As the disc falls through the board it is deflected by
geometrically distributed pegs. Smaller discs are able to make it
through the peg board with less frequent deflections. In our anal-
ogy, the discs would be cells and the pegs would be the microposts;
the movements of cells through the micropost arrays would be
guided by physical interactions akin to steric hindrance [47].

Surface topography also regulates directionality of individual
cells within the tissue. Cellular responses to local topographical
cues may function in the same way that cells respond to rigidity
cues [48]. However, it remains unclear how cells or tissues translate
their encounters with surface topography into downstream re-
sponses. One possibility is that cells can directly sense the rigidity
and topography of the surfaces and use those cues to localize po-
larity factors and orient traction forces [48]. Alternatively, cell and
tissue movements might be physically constrained by the shape of
pores or channels through the complex 3D microenvironment
[2,49]. Both topographical guidance cues may be important to
direct cell motility and coordinate collective cell migration during
Fig. 5. The kinetic relationship of tissue spreading to single cell migration. (a) Sequential 10
velocity compared to the tissue model-predicted tissue velocity based on uncorrelated cell m
text. Average tissue velocities for explants cultured on micropost arrays were scaled as in F
embryonic development, the spreading of cancer, vascularization,
wound healing, and self-assembly of engineered tissues.

While our study reveals microscopic topography can regulate
cell polarity, we have not identified the molecular pathways or
polarity factors that might be modulated by cellecell and cell-post
collisions. Further analysis is needed to identify the cell signaling
pathways involved in sensing and modulating cell polarity in
response to topographical cues in the tissue microenvironment.We
suspect these pathways will be closely related to ones regulating
cell response to 3D cues and pathways regulating contact inhibition
of locomotion in complex tissues (e.g. Refs. [50,51] Reviewed in:
Ref. [52]). In order for microposts to modulate directional migra-
tion, cellecell and cell-post collisions would need to trigger the
destabilization of protrusions and repolarize cell motility after
contact, key steps during contact inhibition of locomotion
[50,53,54].

Since dense micropost arrays can increase the surface density of
a 2D region, we suspected ECM within dense micropost arrays
might also regulate cell motility. Scanning electron microscopy and
confocal microscopy reveal close contacts between cells and MPAs
and that mesenchymal cells migrated to the base of the microposts
quickly after they attached to the arrays. Future studies will need to
evaluate tissue spreading and motility in MPAs with different
concentrations of ECM. These studies will require precise mea-
surement of substrate adsorption, the number of ECM molecules
and focal adhesions per cell within the post array (on the floor, top,
and side-walls of posts) but could establish a quantitative basis to
expose how molecular pathways and cell mechanics operating
within individual cells contribute to collective migration in
spreading tissues.

Finally, we sought to understand how individually migrating
cells contribute to tissue spreading and what aspect of their
motility is responsible for the changes observed as tissues spread
on MPAs. We found that cell velocities were consistent among all
surfaces and discovered that cells within MPAs traveled in a less
persistentmanner. MPAs function as obstacles that cells must travel
around, thereby slowing overall collective cell migration rates.

5. Conclusion

We applied microfabrication tools to study the role of topo-
graphical factors in collective cell migration during spreading of a
complex 3D tissue composed of mesenchymal and epithelial cells
from the X. laevis, which provides a naturally integrated 3D tissue.
h time-lapse images of “before” and “after” tissue spreading. (b) Scaled average tissue
igration parameters. For definitions of Pnuclei(edge), Vnuclei, and Dnuclei see equation in the
ig. 2.
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We designed MPAs with various topographies from dense to sparse
arrays (i.e. inter-post spacing ranging from 10 mm, 20 mm, and
40 mm). Controlling cell size in the same manner as controlling the
spacing between posts in MPAs exposed the role of surface
topography in controlling the persistence of cell migration. Prior
efforts using MPAs have focused on the measurement of traction
forces, but MPAmay also reveal how intracellular processes such as
actomyosin contractions and focal adhesion dynamics translate
topographical guidance cues into single cell behaviors and collec-
tive migration. As a method for investigating the cellular response
to surface-based biophysical cues, MPAs offer a simple, yet
powerful technique for controlling the biophysical environment
seen by living cells especially in complex 3D environments.
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