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ABSTRACT: Dynamics of small-sized multicellular clusters is important for many biological processes including embryonic
development and cancer metastasis. Previous methods to fabricate multicellular clusters depended on stochastic adhesion and
proliferation of cells on defined areas of cell-adhering islands. This made precise control over the number of cells within
multicellular clusters impossible. Variation in numbers may have minimal effects on the behavior of multicellular clusters
composed of tens of cells but would have profound effects on groups with fewer than ten cells. Herein, we report a new dynamic
cell micropatterning method using a cell-friendly photoresist film by multistep microscope projection photolithography. We first
fabricated single cell arrays of partially spread cells. Then, by merging neighboring cells, we successfully fabricated multicellular
clusters with precisely controlled number, composition, and geometry. Using this method, we generated multicellular clusters of
Madin—Darby canine kidney cells with various numbers and initial geometries. Then, we systematically investigated the effect of
multicellular cluster sizes and geometries on their motility behaviors. We found that the behavior of small-sized multicellular
clusters was not sensitive to initial configurations but instead was determined by dynamic force balances among the cells. Initially,
the multicellular clusters exhibited a rounded morphology and minimal translocation, probably due to contractility at the
periphery of the clusters. For 2-cell and 4-cell clusters, single leaders emerged over time and entire groups aligned and comigrated
as single supercells. Such coherent behavior did not occur in 8-cell clusters, indicating a critical group size led by a single leader
may exist. The method developed in the study will be useful for the study of collective migration and multicellular dynamics.
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B INTRODUCTION

Recent development of surface chemistry and microfabrication
has provided new opportunities to better understand behavior
of multicellular clusters."” Surface micropatterning of cell-
adhesion ligand (e.g, fibronectin, RGD peptide) islands
surrounded by cell-repelling materials (e.g, poly(ethylene
glycol), bovine serum albumin, etc.) can be used to create
multicellular clusters with different sizes and shapes to examine
various biophysical and biochemical factors critical for multi-
cellular interactions.>™® However, the number of cells
occupying identical sized islands within a surface may vary
depending on local cell density and kinetics of cell adhesion/
spreading. Variation in numbers may not be a serious issue for
multicellular clusters composed of tens or hundreds of cells, but
would be critical for small multicellular clusters composed of
fewer than ten cells. Dynamic assembly and migration of
multicellular clusters composed of fewer than ten cells have
been observed in the processes of development and patho-
genesis.”® For example, during the oogenesis of Drosophila
melanogaster, border cell clusters composed of six to ten cells
coherently migrate toward an oocyte.” During cancer invasion
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and metastasis, moderately differentiated epithelial tumors form
small-sized clusters and undergo collective migration."’
Development of dynamic micropatterning techniques that
allow fabrication of precisely controlled sizes and geometries
would be useful to systematically study dynamics of small-sized
multicellular clusters.

Various dynamic micropatterning methods based on electro-
chemistry,"'~'* photochemistry/photophysics,>'®™'? and click-
chemistry®® have been developed to remove the cell-repelling
materials or to convert cell-repelling materials to cell-adhesion
ligands. Among them, methods based on light stimulation are
the most suitable for in situ dynamic micropatterning because
illumination of light can be readily achieved on selected areas of
cell micropatterned surfaces during microscopy using light
sources and optics of fluorescence microscopes. By ablating
cell-repelling materials using high power pulsed lasers, shapes of
cells were manipulated with submicrometer resolution in situ.'®
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Figure 1. Fabrication of multicellular clusters from single cell arrays. (a) Schematic of multicellular cluster fabrication using single cell arrays. (b)
Representative differential interference contrast (DIC) images of multicellular clusters of HeLa cells with various numbers and geometries. (c)
Representative overlay images of DIC/red fluorescence of unlabeled and labeled HeLa cells.

Although this method allows for high-resolution dynamic
micropatterning of cells, it cannot be applied to a large area
because it is based on slow point scanning of focused laser
beams. In contrast, microscope projection photolithography
(MPP) based on arc lamps and gray photomasks printed on
transparency films are better for large area high throughput
dynamic patterning with micrometer scale resolution.'?'

In this study, we devised a new dynamic cell micropatterning
technique by multistep MPP using a cell-friendly photoresist
poly(2,2-dimethoxy nitrobenzyl methacrylate-r-methyl meth-
acrylate-r-poly(ethylene glycol) methacrylate) (PDMP).*" We
first fabricated single cell arrays of partially spread cells. Then,
by merging neighboring cells within the single cell arrays,
multicellular clusters with precisely controlled size, composi-
tion, and geometry were successfully fabricated. Using this
method, we systematically investigated the effects of sizes and
initial geometries of small-sized multicellular clusters on their
motility behaviors.

B MATERIALS AND METHODS

PDMP Synthesis and Substrate Preparation. Random
terpolymer PDMP (composition: 2,2-dimethoxy nitrobenzyl meth-
acrylate ~42 wt %, methyl methacrylate ~24 wt %, and poly(ethylene
glycol) methacrylate ~34 wt %, Mn ~ 6120 Da, PDI 1.34) was
synthesized and characterized as described elsewhere.”’ Clean glass
coverslips were coated with gelatin (Sigma) by incubating in a 0.1%
geletin solution at room temperature for 30 min. Gelatin-coated
coverslips were spincoated with 3 wt % of PDMP in 1,4-dioxane
(Sigma) at 2000 rpm for 2 min to form ~100 nm thick film and baked
at 100 °C for 24 h.

Fluorescence Microscope. A modified Olympus IX81 epi-
fluorescence microscope with 40X (UPlanSApo, NA = 0.95) objective
lens, and an iXon EM CCD camera was used for imaging and
micropatterning. Lambda LS xenon lamp (175 W, Sutter Instrument)
and DAPI (EX. 365, BS 395, EMBP 445/50) filter sets were used for
illumination and fluorescence imaging. The microscope was automati-
cally controlled, and the acquired images were analyzed and processed
with Methamorph (Universal Imaging, Molecular Devices).

Microscope Projection Photolithography (MPP). Gelatin- and
PDMP-coated and baked coverslips were loaded in a Chamlide
magnetic chamber (Live Cell Instrument, Korea) filled with PBS.
Then, the magnetic chambers were mounted on the microscope stage.
Photomasks were printed on transparency films using a high-
resolution image setter with 40000 dpi resolution (Microtech Co.,
Ltd.) and inserted at the field diaphragm of the microscope. For UV
illumination, the xenon lamp and DAPI filter described above were
used. Microscope projection lithography was performed by exposing
PDMP film with plane-focused UV though photomasks for § s.

Cell Culture. Hela cells (a gift from Dr. Sung Ho Ryu,
POSTECH) and MDCK cells (Korean cell line bank) were cultured
in DMEM medium (Gibco) supplemented with 10% FBS (Gibco) and
1% penicillinestreptomycin (Invitrogen).

Multicellular Cluster Patterning. MPP was performed with a
photomask containing arrays of circular spots (10 um projected
diameter) to dissolve PDMP in the UV-illuminated region and to
expose the underlying gelatin layer. Then, 1 mL of HeLa or MDCK
cells (5 X 10° cells/mL) suspended in growth media containing cell-
cycle inhibitors (2 mM hydroxyurea and 1 pg/mL aphidicolin) were
seeded onto the substrates and incubated in a tissue culture incubator
for 2 h. A media containing cell-cycle inhibitors was used throughout
the experiments to prevent cell division. By gently rinsing nonadhering
cells, we obtained single cell arrays of cells. Then, we mounted single
cell array-containing chambers on the microscope stage equipped with
a Chamlide TC incubator system (maintaining 37 °C and 5% CO,). A
second photomask was inserted in the field diaphragm. The second
photomask and single cell arrays cells were precisely registered by
adjusting the position of the microscope stage, and 365 nm UV light
was illuminated through the second photomask. Subsequently, bright
field images were acquired every 1 min to monitor the spreading of
single cells to form multicellular clusters.

B RESULTS AND DISCUSSION

Fabrication of Multicellular Clusters with Precisely
Controlled Sizes, Geometries, and Compositions. Multi-
cellular clusters with precisely controlled shapes and cell
numbers were fabricated as schematically shown in Figure la.
Glass coverslips coated with gelatin, which promotes cell
adhesion, were spincoated with a cell-friendly photoresist
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Figure 3. Characteristics of multicellular clusters released from confinement. (a) Experimental scheme. (b) Representative time-lapse images of 2-
cell clusters of MDCK cells exhibiting different modes (dissociated, motile, and stationary). (c) Effect of multicellular size on the behavior of

multicellular clusters.

PDMP'?! and loaded in a chamber filled with phosphate
buffered saline (PBS). First, MPP was performed with a
photomask containing arrays of circles with projected diameter
12 um (Figure la(i)), which is slightly smaller than the
diameter of HeLa cells (14.6 + 1.6 ym) or Madin—Darby
Canine Kidney (MDCK) cells (15.2 + 1.7 ym) in suspension.
Because PDMP thin films spontaneously dissolve in PBS upon
illumination of UV at 365 nm, circular patches of gelatin layers
surrounded by PDMP films were formed (Figure la(ii)). Then,
cells suspended in culture media containing cell-cycle inhibitors
(2 mM hydroxyurea and 1 ug/mL aphidicolin) were applied to
the surface, incubated for 2 h, and rinsed to remove
nonadhering cells (Figure la(iii)). Media containing cell-cycle
inhibitors was used throughout the experiments to prevent cell
division. Because PDMP does not allow cell adhesion and the
gelatin island size is slightly smaller than the size of cells used,
single cell arrays of cells were formed as previously
demonstrated." Subsequently, a single cell array-containing
chamber was mounted to the microscope stage equipped with
environmental chambers maintaining cell culture conditions
(37 °C and 5% CO,). A second photomask containing features
that could cover various numbers of cells on single cell arrays,

when projected through an objective lens, was inserted into the
field diaphragm and registered with the cell array, and then the
second MPP was performed (Figure 1a(iv)). Then, the initially
adhered cells spontaneously spread to fill an area of freshly
exposed gelatin layer resulting in multicellular cluster formation
(Figure 1a(v)). Successfully fabricated multicellular clusters
composed of two, three, and four cells in different geometries
from single cell arrays are shown in Figure 1b. This method can
be extended readily to fabricate multicellular clusters composed
of multiple types of cells by repeating steps (ii) and (ii)
multiple times and finally merging them. For example, to
fabricate multicellular clusters composed of two different types
of cells (unlabeled HeLa cells and red fluorophore-labeled
Hela cells) as shown in Figure lc, single cell arrays of
unlabeled and red fluorophore-labeled HeLa cells were created
sequentially by repeating steps (ii) and (iii) twice, and
neighboring unlabeled and red fluorophore-labeled HeLa cells
were merged together by the third MPP. In this way,
multicellular clusters with defined number, composition, and
geometry were successfully fabricated. In addition, by using
cells expressing GFP-fused molecules of interest, we were able
to observe dynamics of molecules during adherens junction
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Figure 4. Morphology multicellular clusters in motile and stationary states. (a,b) Representative DIC images (a) and elliptical form factors (b) of
motile and stationary of MDCK cells clusters of various numbers. Yellow arrows indicate migrating directions. White lines are drawn to mark

boundaries of individual cells.
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Figure S. Dynamics of motile population of multicellular clusters. (a) Representative trajectories of single cells and multicellular clusters with various
numbers of MDCK cells. Scale: ym. (b) Schematic definition of average speed and meandering index. (c,d) Average speed (c) and meandering index

(d) of single and multicellular clusters of MDCK cells.

formation (Figure 2 and Movie S1 in the Supporting
Information).

Characteristics of Multicellular Clusters Released
from Confinement. Next, successfully formed multicellular
clusters composed of a defined number of cells were confined
in PDMP for 6 h to stabilize their adherens junction, and
released by brief (~S s) exposure to UV without a photomask
to dissolve the PDMP films around them (Figure 3a). Three
distinct behaviors emerged when the released multicellular
clusters were observed by time-lapse microscopy over 36 h.
First, individual cells in the multicellular clusters became
dissociated and migrated separately, denoted by “dissociated”
(top panel of Figure 3b and Movie S2 (Supporting
Information)). Second, the multicellular clusters migrated
together, denoted by “motile” (middle panel of Figure 3b and
Movie S3 (Supporting Information)). Third, the multicellular
clusters remained near their original locations with minimal net
translocation, denoted by “stationary” (bottom panel of Figure

12760

3b and Movie S$4 (Supporting Information)). All the clusters of
HeLa cells observed (twelve 2-cell clusters and eight 4-cell
clusters) dissociated within 12 h when released from PDMP
thin film confinement. In contrast, the majority of the clusters
of MDCK cells stayed together over 36 h. To systematically
assess the effect of size of the multicellular clusters on their
behavior, 2-, 4-, and 8-cell MDCK clusters were created and
released from PDMP confinement almost simultaneously by
brief (~$ s) UV illumination without a photomask. Using a
motorized stage, time-lapse images of 40—60 single cells/
multicellular clusters were acquired every 20 min for 36 h in a
single set of experiments. By pooling data from four
independent experiments, a large number of data, sufficient
for statistical analysis, was collected (n = 92 for single cells, n =
33 for 2-cell clusters, n = 43 for 4-cell clusters, and n = 31 for 8-
cell clusters). Using these data, the behaviors of multicellular
clusters were first assigned to one of the three categories
described in Figure 3b and plotted in Figure 3c. As the number
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Figure 6. Characteristics of motile population of multicellular clusters. (a) Representative time-lapse images of motile MDCK clusters of various
numbers. (b) Single cell area of leaders and followers in 2-cell and 4-cell clusters of MDCK cells. (c) Representative time-lapse images of 4-cell and
8-cell clusters with linear initial configuration. White lines are drawn to mark boundaries of individual cells.
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Figure 7. Effect of pharmacological inhibitors targeting actomyosin regulators on behavior of 4-cell clusters. (a) Representative time-lapse images of
4-cell clusters of MDCK cells treated with pharmacological inhibitors (targets). White lines are drawn to mark boundaries of individual cells. (b,c)
Effect of inhibitors on elliptical form factor (b) and single cell area (c) of 4-cell clusters of MDCK cells. “M” means “motile” and “S” means
“stationary”. (d) Schematic model showing various behaviors of 4-cell clusters. The thickness of the lines surrounding cells represents the strength of
contractility, and arrows indicate direction of protrusive forces. (i) 4-cells clusters with dominant peripheral contractility. Untreated stationary, Rac-
inhibited, and microtubule-inhibit clusters correspond to this cartoon. (i) 4-cell clusters lacking peripheral contractility. MLCK-inhibited clusters
correspond to this cartoon. (jii) 4-cell clusters with a single leader. Motile clusters correspond to this cartoon.

of cells in the clusters increased, their stability also increased, single cells in response to various biophysical and biochemical
possibly due to stronger multivalent interactions in clusters cues,”** as schematically shown in the left panel of Figure 4b.
with larger numbers of cells.”” Also, the percentage of motile EFF values of stationary multicellular clusters were close to 1
clusters increased slightly as the sizes of the multicellular for all the examined. In contrast, the EFF values of motile
clusters increased. Of note, the shape of the multicellular clusters depended on their sizes. Although all the EFF values of
clusters strongly depended on their motility status regardless of motile multicellular clusters were significantly greater than 1,
the number of cells. Motile multicellular clusters exhibited average EFF values of motile 2- and 4-cell clusters were close to
elongated shapes, whereas “stationary” multicellular clusters 2 and 4, respectively, meaning that the cells in those clusters
were mostly rounded (Figure 4a). These trends were assessed formed approximately straight lines.

quantitatively by measuring the elliptical form factor (EFF), Size-Dependent Motility Behavior of Multicellular
which is a widely used parameter to characterize elongation of Clusters. The detailed dynamics of motile populations of
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cells within clusters of different sizes was quantitatively
analyzed by tracking the centroids of clusters over 36 h (Figure
5). Representative trajectories of the centroids of single cells
and multicellular clusters of various sizes over 36 h were plotted
in Figure Sa. Time-lapse images and movies of one example of
each case are shown in Figure 6a and Movies S5—8
(Supporting Information), respectively. Although single cells
and 8-cell clusters frequently changed directions, 2-cell and 4-
cell clusters maintained their initial directions over long periods
of time and exhibited persistent migration. Of note, cells in 2-
and 4-cell clusters maintained epithelial characteristics, rounded
morphologies with junctional integrity, and all the cells in the
clusters aligned and exhibited coordinated motion in following
one “leader” cell. In sharp contrast, cells in 8-cell clusters
became thin and elongated, lost junctional integrity, and
individual cells migrated without coordinating with neighboring
cells, even while maintaining thin fibrous connections, which
are characteristics of epithelial-mesenchymal transition.”® In 2-
cell and 4-cell clusters where single leaders emerged over time
and led each group, the area of leader cells was significantly
greater than that of the follower cells (Figure 6b). To test
whether the initial geometry of multicellular clusters affected
motility or leader formation, 4-cell and 8-cell clusters were
initially linearly aligned and released. Interestingly, the majority
of multicellular clusters (30/35 for 4-cell clusters and 9/10 for
8-cell clusters) shrank within 3 h to spherical shapes with EFF
close to 1, potentially driven bZ the strong intracellular
adhesion forces and contractility,”® rather than underwent
collective migration led by cells at the ends of initial linear
geometry (Figure 6c and Movies S9 and S10 (Supporting
Information)). This result indicates that multicellular clusters
composed of fewer than ten cells can quickly reach dynamic
force equilibrium, and the effect of initial conditions is minimal.
In sharp contrast, as examined in the previous study, for the
case of multicellular clusters composed of more than ten cells of
MDCK cells, the initial geometry determined leader cell
formation.’

Effects of Pharmacological Inhibitor Treatment on
the Dynamics of Multicellular Clusters. To gain mecha-
nistic insights into the phenomena described above, pharmaco-
logical inhibitors against key molecules regulating protrusive
and contractile forces were added to 4-cell clusters of MDCK
cells 1 h before removing PDMP films surrounding them, and
their behaviors were monitored by time-lapse microscopy.
When Rac, which mediates actin-polymerization driven
membrane protrusion at leading edges,”” was inhibited by
NSC23766, all the observed multicellular clusters (n = 10)
exhibited a rounded appearance with EFF close to 1 (Figure
7b), and rotated around the original positions with minimal net
translocation (top panel of Figure 7a and Movie S11
(Supporting Information)). When they were treated with
nocodazole, which indirectly enhances contractility by releasing
microtubule-bound GEF-H1 to activate RhoA,?® all the clusters
examined (n = 13) behaved similarly to Rac-inhibited clusters
(middle panel of Figure 7a and Movie S12 (Supporting
Information)). These results indicate that balancing between
contraction and protrusion determines a motile or stationary
state. As reported previously, multicellular clusters exert
traction forces at their boundaries, not near intercellular
junctions.””*° Therefore, when contractile forces dominate or
protrusive forces are weak, multicellular clusters would be
expected to have rounded shapes with EFF close to 1, with
minimal translocation as schematically drawn in Figure 7d(i).

Leader cells may emerge by overcoming peripheral contractility
via Rac-mediated protrusion.*"** To test whether releasing
peripheral contractility is sufficient for leader formation and
collective migration, we inhibited myosin light chain kinase
(MLCK) with ML-7. Cells in clusters treated with ML-7
showed only sporadic protrusion, exhibited more spread
morphologies than untreated stationary clusters (Figure 7c)
due to loss of peripheral contractility, but none of them lined
up and collectively migrated following single leaders (bottom
panel of Figure 7a and Movie S13 (Supporting Information)).
Instead, all the clusters examined (n = 24) exhibited EFF close
to 1 and minimal translocation. This result suggests that
protrusion by one cell in the absence of peripheral contraction
cannot be propagated throughout entire multicellular clusters
to result in collective migration, as schematically drawn in
Figure 7d(ii). Taken together, none of multicellular cluster
treated with inhibitors exhibited collective migration lead by a
leader, suggesting leader cell formation and corporative
migration require fine balancing between protrusion and
contraction both local and global levels as schematically
shown in Figure 7d(iii).>****

B CONCLUSION

Multicellular clusters composed of various numbers of cells in
different geometries were fabricated previously, but the number
of cells in these clusters was stochastically determined, rather
than precisely controlled. To overcome this limitation, we
started with single cell arrays, and by merging neighboring cells
within single cell arrays, we could fabricate multicellular clusters
composed of fewer than ten cells with precisely defined
number, geometry, and composition. Compared with multi-
cellular clusters composed of more than ten cells, the effect of
initial geometry was minimal, and the behavior of multicellular
clusters was more dynamically determined by force balancing
among cells. In addition, coherent migration led by a single
leader was observed for 2-cell and 4-cell clusters, but such
coordination did not occur in 8-cell clusters. The method
developed in this study will be useful for the study of collective
migration and multicellular dynamics.
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Time-lapse movie of F-actin dynamics during adherens junction
formation. Representative movies of small-sized multicellular
clusters. This material is available free of charge via the Internet
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