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Intracellular and extracellular mechanical forces play a crucial role during tissue growth, modulating nuclear
shape and function and resulting in complex collective cell behaviour. However, the mechanistic understanding
of how the orientation, shape, symmetry and homogeneity of cells are affected by environmental geometry is
still lacking. Here we investigate cooperative cell behaviour and patterns under geometric constraints created by
topographically patterned substrates. We show how cells cooperatively adopt their geometry, shape, positioning
of the nucleus and subsequent proliferation activity. Our findings indicate that geometric constraints induce
significant squeezing of cells and nuclei, cytoskeleton reorganization, drastic condensation of chromatin

Received 5th July 2016, resulting in a change in the cell proliferation rate and the anisotropic growth of cultures. Altogether, this work

Accepted 28th September 2016 not only demonstrates complex non-trivial collective cellular responses to geometrical constraints but also
provides a tentative explanation of the observed cell culture patterns grown on different topographically

patterned substrates. These findings provide important fundamental knowledge, which could serve as a basis
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for better controlled tissue growth and cell-engineering applications.

During tissue development and growth, cell colonies may exhibit a wide variety of exquisite spatial and temporal patterns. Such patterns are the outcome of
coordinated cell growth, movement, and cell-cell communications. We demonstrated that geometrical confinement caused by topographically patterned
substrates modulates cell and nuclear morphology and collective cellular behavior. Our findings indicate that geometric constraints induce significant
squeezing of cells and nuclei, cytoskeleton reorganization, drastic condensation of chromatin resulting in a change in the cell proliferation rate and the

anisotropic growth of cultures.

1. Introduction

During tissue growth, cell colonies (populations) may exhibit a
wide variety of exquisite spatial and temporal patterns. Being
the outcome of coordinated cell growth, movement, and cell-cell
communications that involve the detection and processing of
extracellular forces and cues, these patterns often play vital
roles in organ growth and development." However, the origin
and mechanism of the pattern formation remain unclear. The
structured microenvironments that surround cells within organs
and tissues possess particular shape constraints. Such constraints
provide the basis for regulation of the cellular function.”” For
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instance, cellular geometry has been shown to be a key determi-
nant of a variety of fundamentally important cellular processes,
such as nuclear deformation, cytoskeleton reorganization, chro-
matin compaction, gene expression, growth, apoptosis, and cell
division.®™" Moreover, a recent study showed that cells migrate as
a collectively advancing front through micropillar arrays, revealing
the importance of geometry in the fundamental process of cell
migration."? It is worth noting here that other biophysical cues
such as substrate stretching, fluid flow, substrate rigidity,
and cellular morphology have also been shown to affect gene
expression, cellular and nuclear architecture."*™*

The question of how physical forces and the geometry of the
cell microenvironment regulate cooperative cellular function
remains open. However, numerous lines of research have begun
to reveal that the geometry of the cell microenvironment is a
critical parameter for regulating cell fate.'>'®'” The tentative
explanation of how cell shape data are transduced into gene
expression has been proposed in ref. 18. It has been shown that
the cytoskeleton applies forces to modulate nuclear shape and
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size in response to cell shape changes.'® Moreover, recent
studies imply that alterations in the cell shape influence the
pattern of mesenchymal stem cell differentiation.'®** It should
be noted that one of the most fundamental questions in tissue
morphogenesis, related to how changes in the cell shape
produce alterations of nuclear form and functions, has been
usually addressed by manipulation of the cell shape through
control of the cell spread area and confinement to a particular
geometry, i.e. through cell micropatterning techniques.>®*%2°
Recently, a burst of studies utilizing cell micro- and nanopatterning
techniques revealed that the manipulation of cell geometry, such as
confinement to circular or square patterns independently of the cell
spread area, affects many crucial cellular processes.>'*'*' The
implication of these studies is that in order to exploit the full
potential of cells for tissue engineering and regeneration, their
function needs to be tightly controlled and the cell fate is not
entirely controlled by genetic signals, but instead is largely regulated
by external geometrical and physical cues. However, the major
limitation of such techniques is that cell micropatterning works at
the single cell level and does not take into account collective
behavior. Indeed, cellular migration and morphogenesis of
biological tissues display collective cell behavior as a fundamental
phenomenon.?”?* Collective cell behavior launches many crucial
biological processes such as embryonic development, tissue
morphogenesis,”® wound healing?® and tumor metastasis.*® To
study cooperative cell behavior and pattern formation under
external lateral forces, we used periodical arrays of pillars with
the spatial period of the same order of magnitude as the mean size
of the cell colony, which typically varies from tens to hundreds of
micrometers.>”*®* While cell sensing of physical properties at the
nanoscale and microscale patterned surfaces have been extensively
studied in many works (for review, see ref. 29 and 30), the response
of the cell colony to the patterning range of tens to hundreds of
micrometers in scale is still unexplored. Namely, on this scale the
geometrical constraints can mainly affect cell colonies through
cell-to-cell sensing. Addressing such fundamental questions would
provide a novel basis for tissue engineering that has become highly
important in medical research and has even entered clinical
trials.®" Several research laboratories have shown that cell
suspension can assemble an organized complex structure - organoid
which was utilized to produce multiple diverse tissues such as liver,
kidney, intestine and others.®” Given that the organoids are usually
much smaller than the actual organ size, just a few millimetres
across, and have been grown spontaneously in cellular suspension,
we investigated the effect of the geometric constraint on HepG2 cells’
proliferation activity and cellular topology which characterizes the
connectivity among cells forming a tissue.

2. Methods

2.1. Topographic patterning of silicon substrates with
different micropillar geometries

To produce uniform substrates for biological applications, we
utilized deep reactive ion etching to pattern Si wafers so as to
produce sets of substrates with surfaces consisting of arrays of
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silicon micropillars of different geometry and with different
values of inter-pillar spacing. The patterned silicon substrates
were coated with a parylene, which is a biocompatible, inert
and very low permeability material.

As a control we used standard glass bottom 35 mm culture
dishes (In Vitro Scientific, Sunnyvale, California, USA) as well as
non-patterned (flat) parylene coated thermally oxidised silicon
substrates.

Prior to cell seeding, all experimental surfaces were sterilized
by treatment with 70% ethanol for 20 min followed by ultra-
violet (UV) exposure for one hour. All experiments were designed
to change only the geometric confinement of the cells. All other
conditions including the nutrient or coating properties were
maintained at constant levels. To ensure that roughness does
not affect the experimental results, we measured the roughness
of all topographically patterned samples and Si control wafers (all
covered with parylene) using the Alpha-Step 500 surface profiler.
All samples, including the control, had a comparable Rgys of
about 250-300 nm.

2.2. Cell culture

The HepG2 cell line (American Type Culture Collection,
HB-8065) was grown in formulated Eagle’s Minimum Essential
Medium (American Type Culture Collection) with 10% fetal
bovine serum (FBS; PAA Laboratories) and 0.1% (v/v) penicillin/
streptomycin (Sigma, St. Louis, MO). The cells were cultured in
a humidified 5% CO, atmosphere at 37 °C.

For all cell experiments in this study, the cells were seeded on
sterilized substrates at an initial density of 25000 cells per cm?
and were maintained under standard cell culture conditions
(37 °C, 5% CO,). Cells were allowed to grow within the geo-
metrically constrained patterns of different topography for 2,
24, 48 and 72 hours.

2.3. Cell proliferation assay

Cells were seeded onto different patterned surfaces and incubated
over 2, 24, 48 and 72-hour periods under standard cell culture
conditions (37 °C, 5% CO,). Nuclei were stained using DAPI
mounting medium from Vector Laboratories (Burlingame, CA,
USA). The DAPI stained nuclei of the cells were visualized with
a Nikon microscope (upright motorized microscope, Ni-E).
Quantification of the cells was done using Image] software
(NIH, Bethesda, USA). Cell counting was carried out for 5 fields
of view per sample. Three samples per surface were set aside for
cell proliferation measurements, and the reported values are the
mean =+ SD (Standard Deviation).

2.4. Immunocytochemistry

Cells were grown for 72 hours in complete growth medium
upon differently patterned surfaces and maintained at 37 °C in
a humidified atmosphere with 5% CO,. After incubation, the
cells were fixed with 3.7% paraformaldehyde for 15 minutes,
washed in phosphate buffered saline, permeabilized with 0.1%
Triton X-100 for 5 minutes and then blocked with 3% BSA
(bovine serum albumin) for 30 minutes and incubated with
Alexa-Fluor 568 Phalloidin (1:300) (Invitrogen, Paisley, UK).

This journal is © The Royal Society of Chemistry 2016
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Nuclei were counterstained with DAPI. Images were digitally
recorded using either a Zeiss LSM 510 confocal system (Carl
Zeiss Ag) or a Nikon microscope (upright motorized micro-
scope, Ni-E). Image] software was used for image processing
and fluorescent micrograph quantification.

2.5. Cell and nuclear shape analysis

To quantify the variation in nuclear shape, we utilized the
contour of individual stained nuclei with a 3D Objects Counter
plugin in Image] software that automatically segmented the
images of fluorescent nuclei and traced the best-fit outline
ellipse to determine the long (a) and short (b) axes, perimeter
length and projected area of each nucleus. To quantify the
nuclear orientation, the orientation of the best-fit ellipse was
calculated with respect to the vertical axis. For the cell shape
index (CSI) and nuclear shape index (NSI) calculations, we used
the approach described in ref. 6. Briefly, in order to calculate
the CSI, we used the following relationship: CSI = 4n x area/
(perimeter)®. A similar relationship was used to calculate the NSI
from the projected nuclear area and the nuclear perimeter length.

2.6. Cell area analysis

Cell areas were calculated using Image] software by outlining
the perimeter of the cell as visualized through F-actin staining.
A detailed description is given in ref. 33.

2.7. F-actin organization analysis

Staining for cytoskeletal F-actin allowed for the investigation of
fibre alignment and density distribution. The fluorescence
distribution and intensity of F-actin was presented in a pseudo-
colour scale using a previously published approach.**

2.8. Apparent chromatin condensation

The spatial chromatin organization was analysed using the
method published in ref. 6. To visualize chromatin, we used
DAPI staining (a fluorescent dye that selectively binds to the
double-stranded DNA). After labelling, the cells were imaged
with a Zeiss LSM 510 confocal system (Carl Zeiss Ag). Stacks of
nuclear images at different focal positions along the z axis
(0.2 um intervals) were acquired using confocal scanning
microscopy. In order to obtain quantitative information, standard
image processing was applied to each image; shading correction,
dark image subtraction and deconvolution with the Deconvolution-
Lab Image] plugin was used to sharpen the images. Afterwards, the
integrated fluorescence intensity was calculated as the sum of the
intensity of each pixel. Indeed, the average spatial density, defined
as the ratio of the total fluorescence intensity to the nuclear volume,
was shown to correlate with the average chromatin packing ratio,*
and is indicative of chromatin condensation.

2.9. Description of fparameter

The vertical planes of pillars assert lateral mechanical forces
on neighbouring cells. These forces are transmitted through
cell-cell contacts across distances between neighbouring pillars.
For such topographically patterned surfaces, an appropriate

This journal is © The Royal Society of Chemistry 2016
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parameter which characterizes the lateral mechanical forces is
given by:

Ly
f= < (®)
where L, is the total length of the border per area S, and S is
the area of the unit cell of the pattern. The topographically
patterned samples we study have a different symmetry: 1D-striped
structures of 2-fold rotational symmetry and translational sym-
metry, 2D-arrays of square pillars of 4-fold rotational symmetry
and translational symmetry, and 2D-arrays of circular pillars of
4-fold rotational symmetry and translational symmetry. Below
we list the fparameters calculated for each structure.

For a 1D-striped structure:

) 2
= — 2
fo=15 2)
where L is the pillar width and D is the spacing between two
neighbouring pillars (from edge to edge).
For a 2D-array of square pillars:

. 4L
g = 3
fsq (L+D)2 ( )
For a 2D-array of circular pillars:
L
ir — YY) 4

where L is the pillar diameter. It is worth noting that all the
above listed parameters are given in units of m~" (in the SI).
However, in the case where all the pillars have the same width
(or the same spacing) one can multiply eqn (2)-(4) by a factor
L (or D) to make them dimensionless. Note that in our experi-
ments, the control group of cells was grown on a flat surface for
which the fparameter is zero, i.e. feoner = 0. (As follows from
eqn (2)-(4), for the studied substrates the f-parameter values
satisfy the inequality 0 = feoner < feir < fsq < forr for all pillar
spacings). The increasing value corresponds to the gradual
decrease of the degree of symmetry of the surface, from
isotropic (highest degree of symmetry, feone = 0), to circular,
square and then striped (lowest degree of symmetry). In the
limiting case, where D — oo, according to eqn (2)-(4) all
fparameters go to zero, meaning that there are no borders.

The normalized fparameter. For all the structures studied in
our experiments, L is a constant. In this case, one can multiply
eqn (2)-(4) by the factor L. So, one can get the following
normalized parameters:

nl?
(L+ D)?

412
(L+ D)

2L

i/~

fstr =

2 f~Cir = (5)

From eqn (5) we calculated the values of the normalized
f-parameter for L = 50 um and D = 50, 250 and 500 um (see
Table 1).

2.10. Statistical analysis

Quantitative results are expressed as mean + SD (Standard
Deviation). Results were analyzed by multi-group comparison

Integr. Biol, 2016, 8, 1099-1110 | 1101
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Table 1 Normalized f-parameter calculated from eqgn (5) for the different
topographic structures with L = 50 pm

Substrate D> w D= D= D =50 um
microtopography (no constraint) 500 pm 250 um (max constraint)
Stripes 0 0.182 0333 1

Circles 0 0.026  0.087  0.785

Squares 0 0.033 0.111 1

Control (isotropic) 0 0 0 0

of Fisher’s LSD and Newman-Keuls tests. Differences were
considered statistically significant at *p < 0.05.

3. Results and discussion

3.1. Characterization of substrates with different micropillar
geometry

Deep reactive ion etching was used to pattern Si wafers so as to
produce sets of substrates with surfaces consisting of arrays of
silicon micropillars of different geometry and with different
values of inter-pillar spacing. Fig. 1a shows the optical images
of a representative patterned surface observed using light
microscopy. The average diameter of the pillars, determined
using quantitative image analysis (Image]), was 50 pm. The
height of the pillars was about 100 um. To evaluate the
directional dependency of collective cell growth and behavior
constrained by geometry, surfaces consisting of micropillars of
different geometry (circles, squares and stripes) with different
values of spacing D (50, 250 and 500 pm) were fabricated
(Fig. 1b). The detailed geometrical parameters of the substrates
are shown in Fig. 1. Finally, in order to make silicon surfaces
suitable for cell culturing, we coated them with a polymer. We
used parylene as the coating material due to its biocompatibility,
inertness, and very low permeability.*® Moreover, parylene bears the
highest biocompatibility certification class, making it an excellent
coating compound for cell culturing.®”*® The experimental methods
are detailed in the Experimental section.

3.2. Substrates with different micropillar geometry and
spacing affect cell proliferation

We first studied how geometrical constraints influence the
overall growth rate of cells. Our research was focused on a specific
cell type - hepatocytes. These cells are polarized, specialized, and
species-specific, making them uniquely susceptible to infections.*
Thus, understanding their morphological changes in response
to their microenvironment would be greatly beneficial for
understanding liver metabolism and toxicity.>® Therefore, we
utilized HepG2 cells for the studies. HepG2 is the most widely
used in vitro model system for the study of polarized human
hepatocytes®® due to the fact that they display robust mor-
phological and functional differentiation with a controllable
formation of apical and basolateral cell surface domains.**
HepG2 cells were cultured on silicon substrates with different
values of pillar spacing and geometry (Fig. 1). Firstly, we assessed
the cell growth kinetics over 3 days of culturing (Fig. 2a). As a
control, we used normal culture dishes as well as non-patterned
(flat) silicon substrates. We observed a linear progression in the
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Fig. 1 Substrates with patterned surfaces for cell culturing. (a) Light
microscopy micrographs of different Si substrates. (b) Schematic diagram
of Si substrates with different geometries having different values of pillar
spacing.

number of cells with time, independent of the substrate topography
and pillar geometry (Fig. 2a and Fig. S1-S4, ESIf). Indeed, there
was no significant difference in growth kinetics (Fig. 2a) or
doubling time (Table S1, ESIt), compared with cells seeded on a
control culture dish or a non-patterned silicon substrate. The
doubling time for cells seeded on control culture dishes as well
as non-patterned silicon substrates was in the range of the
typical doubling time of HepG2 cells - about 48 h.*> Moreover,
the growth kinetics (Fig. 2a) and doubling time (Table S1, ESIY)
for cells seeded on substrates with circular and square pillars
having 250 and 500 um spacing as well as stripes with 250 um
spacing were not significantly different from control ones.
However, the cells seeded on substrates with circular, square
and striped pillars having 50 pm spacing showed enhanced
growth kinetics (Fig. 2a) and subsequently lower values of the
doubling time (Table S1, ESIt). Cells grown only on striped
pillars with a 500 pm spacing showed a significantly lower
growth rate (Fig. 2a) and, correspondingly, increased values of
doubling time (Table S1, ESIt). Furthermore, at day 2 and even

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Substrate topography affects cell proliferation. (a) Growth kinetics of HepG2 cells seeded on Si substrates with different geometries having
different values of pillar spacing. Data are presented as mean =+ SD, n = 4. (b) Representative fluorescent images of cells grown for 3 days on different Si
substrates. After growing for 3 days, the cells were fixed and stained for F-actin filaments (red dye). Nuclei were counterstained with DAPI (blue dye).
Labeled cells were imaged using fluorescence microscopy. Mean cell (c) and nucleus (d) area. ImageJ (NIH) software was used for image processing and
fluorescent micrograph quantification. Data are presented as mean + SD, n = 15, **p < 0.01.

more so at day 3 of growth, the cells grown on square and
striped pillars having 50 pm spacing showed significant
changes in cell patterning (Fig. S3-S5 second column, ESIY).
Generally, in contrast to cellular geometry, which describes cell
shape, cellular topology characterizes the connectivity among
cells in a tissue.*’ Thus, these results imply that variations in the
substrate geometry and substrate constraint leads to intensive
proliferation and changes in cellular topology.

3.3. Topography of the substrate affects orientation of the nucleus

We then investigated whether geometrical constraints driven by
substrate topography would have an impact on cell nucleus
orientation. Of note, it has been previously shown that the nucleus,
centrosome and Golgi apparatus orient in response to external

This journal is © The Royal Society of Chemistry 2016
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physical cues. First of all, we noticed that at day 3 of growth,
cells grown on square and striped pillars having 50 pm spacing
showed significant changes in nuclear orientation (Fig. S5,
ESIt). On the contrary, other substrate topography had no
significant influence on nuclear orientation in comparison
with control substrates (Fig. S5, ESIt). Furthermore, control
substrates and substrates with striped and square pillars having
250 and 500 pm spacing as well as circular pillars with 50, 250
and 500 pm spacing showed a random distribution of nuclear
orientation spanning 180° (Fig. 3). However, square and striped
pillars having 50 pm spacing showed preferential vertical or
horizontal orientation of the nucleus, regardless of the substrate
topography (Fig. 3). Taken together, these results indicate that
the nucleus, initially randomly oriented, becomes anisotropically

Integr. Biol., 2016, 8, 1099-1110 | 1103
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Fig. 3 Substrate topography induces orientation of the cell nucleus. Angular graphs show the different orientations experienced by nuclei in response to
cell shape changes for various substrate topographies. After growing for 3 days, the cells were fixed and stained for nuclei with DAPI (blue dye). Labeled
cells were imaged using confocal microscopy. Imaged (NIH) software was used for image processing and fluorescent micrograph quantification.

oriented when the cells are constrained by substrate topography.
Importantly, the orientation of the nucleus correlates with the
corresponding symmetry of the substrate topography.

3.4. Cell size and shape changes in response to the substrate
topography

Taking into account that cell size participates in the regulation
of crucial and fundamental cellular processes, such as cell
growth, differentiation, shape changes and cell death,** we
studied the influence of geometrical constraints driven by
substrate topography on the size of HepG2 cells. Cells grown
on all types of substrates were significantly smaller in size than
those grown on control culture dishes or on non-patterned
silicon substrates (Fig. 2b and c and Fig. S6, ESIT). Furthermore,
the size of the nucleus was significantly smaller in cells grown
on all types of substrates, compared to the control dishes
(Fig. 2d). A framework for mechanistic coordination between
the cell and nuclear size has been proposed.® It is known that

1104 | Integr. Biol,, 2016, 8, 1099-1110

cell cycle times (that determine the cell growth rate and doubling
time) within clones tend to oscillate from one generation to the
next.*> Moreover, cells having shorter than average cycles tend to be
smaller than average.”® This is in line with our observation that cells
grown on substrates with circular, square and striped pillars having
50 um spacing showed an enhanced growth rate (Fig. 2a) and a
concomitantly smaller size (Fig. 2c) compared with the control ones.

It is generally assumed that F-actin network remodeling (e.g.
length, cross-link density, etc.) strongly modulates the cell shape
and size.****™*® Thus, we further studied the effect of geometrical
constraints on F-actin remodeling. Indeed, an interesting feature
of the observed cytoskeleton remodeling is the change in density
of the F-actin filaments, which corresponds to a change in
cytoskeletal tension. In Fig. 4a the F-actin filament density
gradually grows as the color changes from blue to red. Cells
grown on substrates with circular, square and striped pillars
having a 50 pm spacing showed a dramatic increase in the
F-actin filament density driven by network remodeling (Fig. 4a).

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Controlling cell size using patterned substrates with different geometries. (a) Confocal fluorescence analysis of the cytoskeletal organization of the cells
grown for 3 days on Si substrates with different geometries having different values of pillar spacing. The fluorescence distribution and intensity of F-actin are
shown in the reported pseudo-color scale. (b) Cell morphology after 3 days growth on Si substrates with different geometries. After growing for 3 days, the cells
were fixed and stained for F-actin filaments (red dye). Nuclei were counterstained with DAPI (blue dye). Labeled cells were imaged with confocal microscopy.

Moreover, the total length of the F-actin filament decreased individual cells, we then assessed the cell shape index (CSI) and
dramatically in individual cells grown on all types of substrates nuclear shape index (NSI) as described in ref. 6 (for definitions
compared to control dishes (Fig. 4b). see the Experimental section). Growth on all types of substrates

To investigate how large-scale changes of geometrical con- resulted in significant cell and nucleus shape remodeling
straints could influence the cell and nuclear morphology of (Fig. 4b and Fig. S7, ESIf). Furthermore, we observed via

This journal is © The Royal Society of Chemistry 2016 Integr. Biol., 2016, 8, 1099-1110 | 1105
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Fig. 5 Geometric constraint leads to chromatin condensation. (a) Successive changes of the level of chromatin condensation as a result of cell growth
on Si substrates with different geometries having different values of pillar spacing. Intensities of DNA staining were digitized in 256 bits and colour coded.
Highly condensed domains show higher fluorescence intensity with respect to the less condensed ones. (b) Nuclear deformations in response to cell
shape changes. The nucleus was fitted with an ellipsoidal morphology to calculate the evolution of the nuclear volume (in blue) and the nuclear area (in
red) versus CSI. Imaged (NIH) software was used for image processing and fluorescent micrograph quantification. Data are presented as mean + SD,
n = 15. (c) Levels of chromatin condensation in response to nuclear deformations (NSI). ImageJd (NIH) software was used for image processing and
fluorescent micrograph quantification. Data are presented as mean 4+ SD, n = 15.

laser-scanning confocal microscopy the spatial distribution of
actin filaments in cells, according to the nuclear position in the
cell. In response to geometrical constraints driven by substrate
topography, F-actin formed bundles resulting in the appearance of
structures localized exclusively in the peripheral zone (Fig. 4b). It is
noteworthy that this F-actin reorganization was more significant
on substrates with square and striped pillars having 50 um spacing
(Fig. 4b), with the subsequent formation of ‘ring-like’ F-actin
structures around the nuclei. Together, these results show that
stress fiber distribution alters in response to cell shape changes
driven by geometrical constraints.

3.5. Chromatin condensation affected by substrate topography

Having shown that substrate topography affects cell size and
shape, we then studied its influence on chromatin organization,
using DAPI staining.**° It is known that the level of DAPI uptake

1106 | Integr. Biol., 2016, 8, 10991110

strongly depends on the total amount of DNA and its level of
condensation.’® Therefore, the average spatial density corres-
ponding to the ratio between the integrated fluorescence intensity
and the volume of the nucleus is a very effective and reliable
indicator of the average chromatin condensation.*>° A reorganiza-
tion of chromatin distribution was found to be associated with an
increase of geometrical constraints generated by decreasing pillar
spacing on all types of substrates studied (Fig. 5a). Furthermore, it
was found that the higher the level of chromatin condensation, the
higher the fluorescence intensity. Moreover, intense chromatin
condensation was associated with nuclear deformation (Fig. 5a
and Fig. S7b, ESIt). These results are in agreement with previous
reports.>'® Not surprisingly, we found that cell and subsequent
nuclear shape remodeling driven by substrate topography resulted
in a decrease of the nuclear area and volume (Fig. 5b). This is
in agreement with previously published results obtained for
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endothelial cells.’ The changes in chromatin density that accom-
pany the overall nuclear remodeling depend non-monotonically
on nuclear shape and size (Fig. 5c). This suggests a complex
relation between remodeling of the nuclear architecture and
cell/nuclear morphology in response to geometrical constraints
driven by substrate topography.

3.6. How geometry affects the shapes of cells and nuclei and
cell proliferation

Summarizing our results, we arrive at the following conclusions.
Cells grown on all types of substrates showed significantly
smaller nucleus and cell body sizes compared with the controls
(Fig. 2b—d and 4b). Moreover, the shape of the cell and nucleus
is deformed significantly when grown on all types of substrates
(Fig. 4b). 1t should be noted that these results are in agreement
with previously published studies showing that cell geometry
influences nuclear morphology.®'® However, cells seeded on
substrates with circular or square pillars having 250 and 500 pm
spacing, as well as striped pillars with 250 pm spacing, show
growth kinetics not significantly different from the control
samples (Fig. 2a). Cells seeded on substrates with circular, square
and striped pillars having 50 pm spacing showed enhanced
growth kinetics (Fig. 2a). Surprisingly, cells grown on striped
pillars with 500 pm spacing showed decreased growth kinetics
(Fig. 2a). Even more strikingly, upon enhancing geometrical
constraints by decreasing the pillar spacing, the cells tended to
become more roundish (Fig. 4b) rather than elongated, as
reported for the micropatterning technique.*'® Furthermore,
cells on square and striped pillars having 50 um spacing tended
to cluster (Fig. 2b and Fig. S4, S5, ESIt). These observations
prompted us to search for an appropriate geometrical parameter
to describe the observed phenomena, which takes into account
both the topography of the patterned surface and any anisotropy
of constraint. Upon growth, spreading and migration during
culturing, cells are in contact with the pillars’ borders, and they
are constrained by these geometrical hurdles. Therefore, even for
the closely related square and circular geometries, the direction
of such constraint will differ. We propose the f-parameter,
defined as the total length of the border of a pattern divided by
the area of the unit cell of the pattern (see eqn (1) in the
Experimental section) as a descriptor of topographically patterned
substrates. The fparameter is proportional to the total lateral force
acting on a cell culture from the vertical edges of the pillars. In
our experiment, cells adhered to both the horizontal and vertical
planes of the topographically patterned substrates, with the
vertical edges exerting lateral mechanical forces on the cells
during culture. Values of the normalized f-parameter calculated
from eqn (5) (see below) for all types of substrates are shown in
Table 1. Samples with different types of pillar geometry but fixed
spacing have different values of f-parameter (Table 1). Moreover,
since cells come into contact with pillars when they propagate
on the substrate, the fparameter correlates with the mechanical
force exerted by the pillars on the cells. Thus the f-parameter
encompasses both the mechanical and geometrical constraints
of the patterned surface. An increase of geometrical constraint,
mechanical force and anisotropy leads to an increase of the
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fparameter. Moreover, a monotonic increase of the f-parameter
from zero to unity corresponds to a gradual decrease of the
degree of symmetry of the substrate surface, from the isotropic
control substrate with the highest degree of symmetry (feone = 0
which corresponds to no constrain) to circular/square pillars
and then to stripes that have the lowest degree of symmetry.
Therefore, we plotted the ratio of nucleus volume to cell volume
as a function of f-parameter (Fig. 6a). This ratio as a function of
fparameter showed a substantially different behavior for all
geometries (Fig. 6a). In summary, cells show complex non-
monotonic dependence of growth rate and concomitant cell
size and shape changes in response to geometrical constraints
caused by substrate topography (Fig. 6b). It should be stressed
that in spite of the monotonic increase of the fparameter
(or increase of the lateral forces which constrain the cells) the
key cell functionality parameters, namely the nucleus to cell
volume ratio (Fig. 6a) and cell growth rate (Fig. 6b), change non-
monotonically. In fact, cell growth on substrates having low
values of f-parameter (namely substrates with circular and square
pillars having 250 and 500 um spacing) results in dramatic
changes in the size and morphology of the cell and nucleus
(Fig. 2¢, d and 5b) without significantly impacting on proliferation
(Fig. 2a and Table S1, ESIt). Furthermore, cells on substrates with
medium values of fparameter (namely substrates with striped
pillars having 500 pm spacing) grow relatively slowly (Fig. 2a
and Table S1, ESIt). In other words, when a ‘low’ constraint is
applied to a cell culture (Fig. 6b), using substrates characterized
by low values of fparameter (Table 1), the cells respond by
adopting their size, and then their proliferation rate is slowed
down (Fig. 6b). Such observations are in agreement with
previous studies that showed that cell compression resulting
from geometric constraint leads to cell cycle arrest and therefore
decreased growth rate.>>'~>* However, application of a ‘high’
constraint results in a change in morphology and nuclear
organization of the cells and subsequently increased growth
kinetics (Fig. 4b, 5a and 6b). Moreover, ‘high’ constraint promotes
changes even in cell networking (Fig. S4, ESIf) suggesting a
substantial effect on collective cell behavior. Such constraint
results in dramatic changes in the cellular and nuclear morphology
in 3D (Fig. 6¢). Lateral force magnitudes acting on cells from the
pillar walls can be estimated as follows. As it was observed,
under the strongest geometrical constraints, the cells changed
their shape from quasi 2D-plates to an oblate spheroid (Fig. 6d).
For a cell in the shape of an oblate spheroid, hydrostatic pressure
at the base of a pillar’s wall is P = pgh, where p = 10° kg m > is cell
mass density, g = 9.8 m s~ 2 is the acceleration of free fall, and % is
the cell height, which is approximately 10 pm. By inserting these
quantities into the last formula one can estimate the pressure as
P = 0.1 Pa. Thus, the maximal lateral force exerted on a pillar
wall is F = P-S, where S is the mean lateral correctional area of
an oblate spheroidal cell. The same force will act on cells at the
walls. Assuming § =10 x 10 um?, i.e. S =10 '° m?, we estimate
the lateral force value as F = 0.1 Pa x 10 '° m? = 10 pN. This
value is just a force which can affect cytoskeleton remodeling™*
and cell membrane deformation.’®>* Thus, the pillars exert
on neighboring cells a lateral force as small as tens of pN.
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Fig. 6 Geometrical constraints induced by substrate topography. (a) Substrate topography driven changes in the nuclear-cytoplasmic ratio as a
function of f-parameter. Data are presented as mean + SD, n = 15. (b) Substrate topography affects the cell proliferation. Cell relative deformation — CSI
(in red) and growth rate (in blue) presented as a function of f-parameter. Data are presented as mean =+ SD, n = 15. (c) Representative 3D images of cells
grown for 3 days under constraint or non-constraint (control) conditions. After growing for 3 days, cells were fixed and stained for F-actin filaments (red
dye). Nuclei were counterstained with DAPI (blue dye). (d) Scheme of the geometrical orchestration between substrate topography and cell networking.

This force is transmitted without changes through cell-cell
contacts across distances between neighboring pillars,
thereby causing the observed cell shape changes and related
growth rate.

Since a number of cells are in contact with the pillars’
borders, they are directly constrained by these geometrical
hurdles and the corresponding forces. These forces are trans-
mitted through cell-cell contacts across distances between
neighbouring pillars (Fig. 6d). In terms of the single cell level
this force is spread by cell membrane and F-actin to the nucleus
(Fig. 6d). Our results show some key differences with previous
studies on geometric constraints that used micropatterning
techniques. Studies of single cells on micropatterned surfaces
do not give insight into collective cell behavior. More specifically,
it has been shown that cell shape changes driven by micro-
patterns result in a drastic condensation of chromatin and lead
to slow cell proliferation.® The important point is that such a
technique utilizes adhesive islands to create a spatial environ-
mental constraint that shapes isolated single cells.>® However,
in cell cultures, the chromatin of quiescent cells generally has a
decondensed conformation.”>*® Moreover, the functioning of
multicellular structures (tissues, organs) cannot be explained
based on studies of single cell behavior.”>*”*® Here we pre-
sented an approach to study collective cell behavior in response
to geometrical confinement. Furthermore, our results imply
that not only the ‘value’ of geometric constraint but also the
anisotropy of constraint plays a role in cell shaping and pro-
liferation (Fig. 6). In contrast to our cell growth confinement,
cell culturing under conditions of magnetic levitation (weight-
less conditions) leads to the formation of disordered HepG2
colonies.>® Moreover, it has been shown that the anisotropy of

1108 | Integr. Biol, 2016, 8, 1099-1110

the cell environment strongly affects the polarization of cells."®
It is worth noting that several studies have shown that the
diffusion of molecules could be strongly affected on a patterned
surface.’”®" The diffusion of signaling molecules released by
cells could be obscured, thus resulting in functional alterations.
Because cell geometry changes induced by micropatterning
have been shown to alter gene expression'®'® and affect cell
differentiation,""°* further studies are required to analyse the
role of genes in geometrically constrained cell cultures.

4. Conclusions

We have demonstrated that geometrical constraints and anisotropy
of the cell environment influence cell and nuclear morphology and
collective cell growth. These collective cellular responses to
geometrical constraints show a complex non-monotonic depen-
dence of the cell growth rate on the here defined f-parameter
that characterizes topographically patterned substrates. For ‘low’
constraints (f < 0.2) the growth rate decreases as the fparameter
grows, while for ‘high’ constraints (0.2 < f < 1) the growth rate
monotonically increases (Fig. 6b). Moreover, a tight coupling
between cell geometry, nuclear morphology and cell growth was
observed. Indeed, nucleus-cell volume ratios exhibit a peculiarity
near = 0.2 for all types of constraints (Fig. 6a). Furthermore, all
studied topographic constraints caused squeezing of cell and
nuclear areas, by a factor of 5 and 3.5, respectively (Fig. 2¢c and d).
This squeezing was accompanied by drastic cytoskeleton
reorganization (Fig. 4a) and chromatin condensation (Fig. 5a).
Therefore, a mechanistic regulation of cell and nucleus volumes,
morphologies, growth rate, chromatin density and its distribution,
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by applying lateral confinement forces via topographic patterning
of substrates provides valuable prospects for controlled cell growth
and tissue engineering. Individual cell remodeling results in a
large-scale colony reorganization to fit the lateral forces caused by
external constraints. The revealed cooperative adaptation of cells
to the patterned structures extends the previous researches mainly
focused on single cell responses, but the understanding of the
specific intracellular signaling mechanisms driving this collective
behavior requires further studies. These findings provide an
important fundamental knowledge, which could serve as a basis
for a better controlled design of liver organoid generation.
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