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. INTRODUCTION

Cell behaviors, including cellular adhesion, morphology,
cell function, migration, proliferation, cell and tissue organ-
ization, and differentiation, are regulated by the interactions
between cells and their local microenvironments.
Consequently, the chemical and mechanical properties and
particularly the topographies of these microenvironments are
important to regulate cell morphology and function. In
organisms, cells are surrounded by three-dimensional scaf-
folds—e.g., extracellular matrix—which support, organize,
shape, and guide them. These substrates present a huge
variety of microtopographies: pores, ridges, grooves, or
fibers, which have sizes in the nanometer to micrometer
ranges. Despite reports on the importance of microtopogra-
phy for some tissues, like bones (with microroughness favor-
ing osseointegration' ™), the effects of topography upon
implantation have remained largely unexplored for epithelial
tissues. However, the precise knowledge of the effects of
microtopography on cell behavior is required to provide
innovative strategies to design medical implants in order to
improve their integration or possibly suppress adverse reac-
tions such as inflammation, as well as to develop scaffolds
for tissue engineering and gain a better understanding of the
biological phenomena involved.
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The development of microfabrication technologies (such
as photolithography,” electrospinning,® colloidal templating,’
and two-photon polymerization®®) allows the creation of
two- or three-dimensional microtopographic features from a
submicrometer scale to a scale of tens of micrometers, thus
enabling us to mimic biological topographical features at
specific length scales or replicate complex topographies
in vitro with high precision and fidelity. Several reports
in the literature using these technologies have shown that
mammalian cells responded in vitro to topographical cues
ranging from nanometer to mesoscale scales.'””'? Cell
response to microtopography in vitro depends on cell type,
feature size, shape, geometry, and physical and chemical
properties of the substrate. One of the most well-known
effects is contact guidance, in which cells respond to groove
and ridge topography by simultaneously aligning and
elongating'*™'” as well as migrating'*'*'®!'? in the direction
of the groove axis. Other groups have reported the guidance
of axonal outgrowth along microtopographies like
groove-ridge”*?! or pits.”? Microtopography can also induce
different active cellular responses. It is able to cause cells to
squeeze their nucleus™ or to increase fibroblast cell and
nuclei volumes,** to control cell invasion initiated by chemo-
tactic gradients in function of the size of the scaffold,? and
to finely control fibroblast geometric organization and
mechanical constraints applied.”® Microtopography may also
regulate cell differentiation.”-*’>°
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Epithelial cells can develop a wide range of membrane pro-
trusions in order to sense their microenvironment and to adapt
their function to it (mechanical action, control of the surface
area for exchanges). While apical protrusions (contact with
external media: microvilli, cilia, etc.) and lateral protrusions
(lamellipodia and filopodia) are easily formed in classical 2D
cultures, this is not the case for basal protrusions, not observed
in vitro, because cells are usually seeded on planar coverslips.
In vivo, basal membrane protrusions are important to sense
basal matrix,>° particularly for a function of matrix degradation
(invadopodia for cancerous cells, podosomes for some specia-
lized cells, including osteoclasts, macrophages, and endothelial
cells),’"* but sophisticated basolateral infolds or interdigita-
tions are also observed in vivo for a wide variety of nontrans-
formed epithelial cells (e.g., proximal and distal renal tubule
cells, choroid plexus, Malpighian tubule, salivary gland striated
ducts, eye ciliary body).** " These different aspects led us to
characterize the formation and behavior of membrane basal
protrusions of epithelial cells seeded on substrates with regu-
larly spaced hexagons, within a size range close to cell size.

In this paper, we studied how epithelial sheets respond to
microtopography at their basal pole by extending protrusions.
Microstructures were generated by two-photon polymeriza-
tion, which allows the fabrication of any computer-generated
3D structure using ultrashort laser pulses, by direct laser
writing into the volume of a photosensitive material. It pro-
duces microstructures with a high precision, offering the
access to a wide set of microtopographies.® In this study, we
fabricated hexagonal lattices of various sizes (D =1.5-19 um,
heights H=5 or 10um) made from NOAG61 resin or
poly(ethylene glycol) diacrylate (PEGDA) by two-photon
photopolymerization in order to investigate the effect of
microtopography on epithelial sheet protrusive response. The
cell morphology (cell area and protrusion formation) and
the actin cytoskeleton, as well as intercellular cell junctions
on hexagonal scaffolds, were imaged and quantified in order
to better characterize cellular response.

Il. MATERIALS AND METHODS
A. Materials

Norland optical adhesive NOA61 was from Thorlabs. It
was used directly on bare glass coverslips for two-photon
photopolymerization.

PEGDA (258, 575) derivatives were purchased from
Sigma-Aldrich (Saint-Quentin Fallavier, France) and were
mixed to 5% (w/v) of 2,2-dimethoxy-2-phenylacetophenone
(Irgacure 651, Sigma-Aldrich) and protected from light before
undergoing two-photon photopolymerization. PEGDA deriva-
tives were used on silanized glass coverslips prepared as
follows. Glass coverslips (@ = 30 mm) were first cleaned for 2
h in piranha solution to remove organic contaminants (H,SO,/
H,0,, 70:30 v/v—Warning: this is a highly corrosive solu-
tion). The substrates were then washed extensively with dis-
tilled water and dried under a filtered nitrogen stream. Cleaned
wafers were exposed to monolayer deposition solutions pre-
pared by mixing 100ul of 3-acryloxypropyltrichlorosilane

with 100 ml of dry 1,2-dichoroethane solvent at room tem-
perature. The coating procedure was performed under an
argon atmosphere. Samples were withdrawn from the silane
solutions and washed several times with CHCl; and ethanol
and then dried under a nitrogen stream.

B. Two-photon photopolymerization

The setup consisted of a QSwitch Teem Photonics laser
(Grenoble, France; 10kHz, 5Sns pulses, 10uJ, 532 nm), an
IX70 microscope with a water objective 60x (NA 1.2;
LPlanApo, Olympus), a piezo-z stage and a 3D stage (Physik
Instrumente), and a Guppy CCD camera for monitoring struc-
ture formation. It was driven by LiTHOS software, with an auto-
focus module.”” Each structure was described as a succession
of segments using a simple text file format generated with
MATLAB (Mathworks) and converted using the siMpoLY software.

After deposition on a 30 mm silanized or bare circular
coverslip of one drop of, respectively, PEGDA or resin
(NOAG61), the initial z position of the sample was adjusted so
that the focal volume was just above the glass surface, and
the microstructure was polymerized by moving the focal
volume. Typical parameters used were as follows: laser
power at the objective front aperture, 0.5 mW; and exposure
time, 4 ms (NOAG61) and 6 ms (PEGDA). The formation of
the structure was visualized in real time with the camera
through the transparent coverslip, thanks to a change in the
refractive index of the material as it polymerizes. After com-
pletion, structures were washed gently with 75 ul acetone and
75 11 100% ethanol (for resin) or only ethanol (for PEGDA)
and put into water. The two-photon microfabricated scaffolds
were observed using a field emission gun scanning electron
microscope (FEG-SEM LEO 1530, LEO Elektronenskopie
GmbH, Oberkochen, Germany) after the samples were gold
sputtered [Figs. 1(b)-1(d)]. SEM imaging enabled the meas-
urement of the structures’ wall thickness (typically 1um),
circumscribed diameter D (1.5-19 um, approximated to the
nearest half-micron in the text), and height H (5§ or 10 um).
The dimensions (height and width) given in the paper corres-
pond to measurements by the SEM.

C. Cell cultures

Madin-Darby canine kidney (MDCK) and Michigan
Cancer Foundation — 7 (MCF7) cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum, at 37 °C and 5% CO,, and SW480
cells in Leibovitz’s L15 media + 10% fetal calf serum at 37 °C.
Proximal convoluted tubule cells (PCTs, see the supplemen-
tary material’®) were grown in DMEM/F12 + 1% fetal calf
serum 2 mM glutamine, 20 mM HEPES, 5 ug/ml insulin, 50 nM
dexamethasone, 1ug/l epidermal growth factor, 5 ug/ml
transferrin, 30nM Na selenite, 10nM T3, and 125 ug/ml
insulin. MDCK-Lifeact-green fluorescent protein (GFP) cells
were obtained by stable transfection with Lifeact-GFP plasmid
(Ibidi) as previously described®® and grown in complete
media with 0.4 mg/ml geneticin (Invitrogen). MDCK
E-cadherin-GFP cells were a kind gift from Nelson.*' PCT
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Fic. 1. (a) Principle of multiphoton polymerization generated by a focused laser beam. (b—d) SEM image of hexagonal microstructures fabricated by two-
photon photopolymerization of NOA61 (scale bars are 10 um). (b) Side view of arrays of hexagons of D =3.5um, H=5 or 10 um. (c) Top view of hexagonal
structures of D= 1.5, 3, 5, and 7 um, H=5 pum. (d) Definition of circumscribed diameter D, here D = 6 um. (e) Principle of experiments: cells are seeded on top

of hexagonal lattices with various sizes D and heights H.

cells (mouse kidney proximal convoluted tubule cells) were a
kind gift from Amanda Patel and Eric Honoré. SW480 and
MCEF7 cell lines transiently transfected with TRPV4 plasmids
were used. Before seeding cells, structures were sterilized in
ethanol, rinsed three times with phosphate-buffered saline
(PBS), and a drop of concentrated cells (1 x 10° cells in 100 ul
of complete media) was deposited locally on top of structures
and incubated for 2 h for initial adhesion, before the addition
of 2 ml of media for longer culture times.

D. Labeling and imaging

Cells on structures were fixed with 4% paraformaldehyde
in PBS. Nuclei were labeled with 0.1 ug/ml Hoechst 34580

(Sigma). F-actin was either directly visualized in MDCK-
Lifeact-GFP cells or labeled with 25ug/ml phalloidin-
tetramethylthodamine isothiocyanate (TRITC, Sigma).
E-cadherin was either visualized in MDCK E-cadherin-GFP
cells or labeled by indirect immunofluorescence (with goat
anti-E-cadherin primary antibody and Alexa 488 anti-goat
IgG secondary antibody, Thermo Fisher). Ezrin and vinculin
were labeled by indirect immunofluorescence, with respect-
ive primary antibodies: rabbit polyclonal anti-ezrin antibody,
kindly provided by Monique Arpin, and monoclonal anti-
vinculin antibody hVIN-1 (Sigma-Aldrich). Cell surface was
labeled with fluorescent lectin after fixation and permeabil-
ization [wheat germ agglutinin-fluorescein isothiocyanate
(WGA-FITC), Sigma, 10ug/ml). After labeling, structures



with cells were kept in PBS, and imaging was performed in
PBS without mounting medium.

Confocal imaging was performed either on an inverted
laser scanning confocal CLSM-LSM510 (Zeiss) with an
Axiovert 200 M microscope and 40x or 60x objective (NA
1.3-1.4), on an upright confocal spinning disk Roper/Zeiss
with a NikonTE-2000-E microscope, Coolsnap HQ2 camera,
and 40, 60, or 100x objective (NA 1.3—1.4), on an inverted
spinning disk confocal Roper/Nikon with a Nikon TLE
microscope, CoolsnapHQ2 camera, and 100x objective
(NA 1.4) (Imaging Facility of Curie Institut—Nikon Imaging
Center), or on a confocal TCS SP_CSU, with a resonant
scanner (12kHz) and 63x objective, with z compensation
(Imaging Facility of Institute Pierre-Gilles de Gennes).

Images were analyzed with METAMORPH (Meta Imaging
Series) or IMAGEJ softwares. Contrast optimization and denois-
ing were performed for visual representation. Image denois-
ing was performed with the maGer plugin Safir Filter
developed by Jerome Boulanger.*> The protrusions, nuclei,
and intercellular junctions present in each hexagon at speci-
fied heights were counted manually from fluorescence label-
ing. Experiments without confluent cell labeling around
structures 1 day after seeding were not considered for ana-
lysis. Estimations for complete or incomplete coverage of
hexagons were also performed manually from confocal
images taking into account the shape of hexagons that was
slightly visible by structure autofluorescence in UV images
(used for nuclei visualization). To estimate the horizontal sur-
faces of individual cells (on flat surfaces or above structures),
the largest possible area containing entire cells on the speci-
fied substrate was determined on confocal images, measured
(on IMAGEY), and the number of cells in this area was manually
counted. Plots were realized with KALEIDAGRAPH Or EXCEL soft-
wares. Statistics (z-tests) were performed in EXCEL. The errors
indicated correspond to the standard error of the mean.

For surface area calculations, the theoretical basal 3D
surface area corresponds to the sum of the horizontal area A
and the vertical surface covering the hexagon walls. The ver-
tical surface area was deduced from the measured number of
hexagons Ny in the specified area, multiplied by the interior
area of each hexagon of length a = D/2 and vertical height H
as follows: Sgeoreticat = Ao + 3DNhexH. The experimental
basal surface area was estimated by counting the number of
hexagons N; inside which the cells extended to the maximal
depth H;, with the hypothesis that they uniformly covered
walls (as visually observed, see Figs. 2 and 3):
Sexperimental = Ao+ 3D Zi N;H;.

lll. RESULTS

A. Two-photon polymerization allows 3D
microfabrication of hexagonal lattices

In order to study the protrusive responses of cells in 3D
microstructures exhibiting regular and well-defined microto-
pographies, we used two-photon photopolymerization [Fig. 1
(a)], which allows a resolution of the size of the voxel, 1 um
in the xy plane and 1.8 um in the z plane. We studied the

ability of cells to grow geometrically guided protrusions in
vertical or horizontal tiny spaces. To this aim, we fabricated
arrays of hexagons [Figs. 1(b)-1(d)] of different horizontal
sizes D (from 1.5 to 19 um) and vertical elevation H (H=5
or 10 um heights), by two-photon polymerization of either
NOAG61 resin or PEGDA. The size D refers to the mean
largest internal dimension of the hexagons. It corresponds to
the diameter of the circle circumscribed about the hexagon
(without taking into account wall thickness ~1um), i.e.,
D =2a with a being the length of a hexagon side [Fig. 1(d)].
For the sake of simplicity in the text, we designated the
structures by their (D,H) characteristics expressed in um
(e.g., DTHS means D =7 and H =5 um). The microfabricated
structures were observed by scanning electron microscopy
(SEM) [Figs. 1(b)-1(d)]. Two-photon photopolymerization
produced well-defined microstructures with a regular wall
thickness of ~1 um. Microstructures were found to robustly
resist the different washing steps, thanks to the rigidity of
polymerized NOA61 or PEGDA (elastic modulus >10 MPa).
Cells were seeded on top of microstructures at a high density
so that confluency was reached from the beginning of experi-
ments. Cells were imaged at different times after seeding and
adhesion [Figs. 1(e) and 2(a)]. Cell adhesion control experi-
ments were performed by seeding cells either on spin-coated
films or on two-photon photopolymerized flat films obtained
by UV cross-linking of PEGDA or NOA resin. Adhesion of
cells on the substrates was observed for both substrate types
within 4 h, thus showing the compatibility of such materials
and surfaces with cell culture.

B. Cells generate basal protrusions in hexagonal
lattices

We observed that the hexagonal lattices were rapidly colo-
nized by a variety of epithelial cell lines (kidney, breast, and
colon) within 1 day after cell seeding, with the formation of
confluent monolayers above the structures. The most striking
feature was the generation of numerous basal protrusions by
the cells, filling completely all hexagons under optimal con-
ditions [Fig. 2(a)]. We focused our study on the organization of
renal MDCK cells (see Fig. 1 in the supplementary material®™
for other cell types). On D7HS hexagonal structures, conflu-
ent cell monolayers covered the top of the microtopography,
where cells established intercellular adhesions visualized by
F-actin labeling [Figs. 2(b)-2(d), right] and E-cadherin-GFP
expression (see Fig. 2 in the supplementary material’®),
while retaining a correct apicobasal polarization (punctate
actin organization at the apical side, and ezrin apical local-
ization; punctate vinculin staining at basal side; see Fig. 2 in
the supplementary material®®). In agreement, conserved api-
cobasal polarization and tight junction formation were
reported for MDCK on porous substrates with similar sizes.*?

Inside hexagons, cells formed long, actin-rich protrusions
in D7HS structures, covering the whole microstructures by
extending down to the glass bottom from 1 day after seeding,
as visualized by F-actin staining [Figs. 2(c) and 2(d)] or cell
surface staining with fluorescent lectin (see Fig. 2 in the



Bottom of
structure

Z(um)

10
1 s

mr
D=7um

% occupied hexagons

5 3 1.5
depth (um)

intermediate

Cell monolayer

Top of structure
above structure

0 o 1 1‘0 100, 10
g0 8 ‘ |
60 ‘ 72
55
|2
20 7 B B 3 days

1 day

10 8 655 2 0
depth (um)

Fic. 2. Kinetics of protrusion formation in hexagons with D=7um. (a and e) Principle of experiment and side view of basal protrusions: imaging is
performed at sequentially increasing heights, illustrated here for H=5 (a) and H=10um (e). (b—d) MDCK cells were seeded on NOA61 hexagons D=7 um,
H=5pum. They were fixed, stained for F-actin (red) and nuclei (blue), and imaged at 5Sh (b, different z planes), 1 day (c), or/and 3 days (d) after seeding.
(f) Same experiments with H=10um, 3 days after cell seeding. The scale bar represents 10 um. z=0 corresponds to the basal plane of contact between cells
and the coverslip surface. (g) Histogram of protrusion depths, measured from the top of the structure, for D7HS condition, at 5h, 1 day, and 3 days after
seeding. Percentage of occupied hexagons at a specified depth is indicated. (h) Histogram of protrusion depths for D7H10 condition, at 1 and 3 days after cell
seeding. (g and h) Mean values of independent experiments are represented. Black dots represent individual independent experiments, with measurements of
whole fields of ~130 hexagons each. (g) The number of experiments is indicated for n> 2. See Table 1 in the supplementary material (Ref. 50) for details.

supplementary material®’). The kinetics of protrusion forma-
tion was studied by imaging cells 5h, 1 day, or 3 days after
seeding [Figs. 2(b)-2(d)]. Partial protrusion formation
occurred at an early time (5 h), in parallel to cell adhesion to
the substrate; however, it concerned only 20%—30% of hexa-
gons, with most of these protrusions extending to glass
bottom reaching the maximal depth of Sum [Fig. 2(g)].
This early stage was characterized by the existence of the
vertical F-actin column at the protrusion center in a minority
(about 20%) of protrusions, and by the frequent incomplete
filling of hexagons (in the cross section), reflecting a

suboptimal adhesion with the substrate [Fig. 2(b)]. On the
contrary, 1 day after seeding, hexagons became uniformly
filled with protrusions [Figs. 2(c) and 2(d)], with all protru-
sions reaching the maximal depth [Fig. 2(g); 98.6 £ 0.4% of
hexagons completely covered with cell protrusions, in n=6
lattices of ~130 hexagons each; see Table 1 in the supple-
mentary material’®]. Most of the results described in Secs.
I C-III F refer to this set of parameters: hexagons of
height HS (5um), imaging at day 1 after cell seeding, for
which cells are fully engaged when hexagon horizontal size
is D7.
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Kinetics of protrusion formation was also studied for
structures of higher height, i.e., D7H10 structures [Figs. 2(e)
and 2(f)]. In this particular case, protrusion penetration was
only partial at day 1, with about half of protrusions reaching
5-6 um depth (in line with the fact that D7H5 protrusions
were completely filled at this time) [Fig. 2(h)]. However,
3 days after seeding, cells succeeded in adapting the morph-
ology of their basal side to fill most of the hexagons in
D7H]10 structures, while still maintaining a confluent organ-
ization on top of the structures [Figs. 2(f) and 2(h)].

C. Formation of cell protrusions is a function of
hexagon sizes

We first studied cell responses when hexagon horizontal
size D ranges from 1.5 to 19 um for a fixed hexagon height
HS5. For small hexagons (D1.5), the cell monolayer did not
penetrate significantly the array of hexagons although com-
pletely covering the top of the structure with the formation of
intercellular contacts [Fig. 3(a)]. For larger hexagons
(D3-D10), numerous protrusions were able to entirely fill a
large majority of the hexagons, still with confluent cell
monolayer above structures [Figs. 3(b)-3(e)]. This corre-
sponds to the generation of ~10 protrusions per cell for the
smallest structure (D3), to 1-3 protrusions per cell for the
largest structures (D7-D10). For D3, protrusion engagement
was still incomplete, with only half of the hexagons filled
down to glass bottom, but all protrusions reaching at least
1-2 um depth [Fig. 3(g)]. From DS to D10, a complete 3D
coverage of hexagonal lattices with protrusions was observed
[Figs. 3(c)-3(e), 3(g), and 3(h)].

For D11-D13, pores were large enough so that entire
cells could fall inside them; however, epithelial cell sheet
remained continuous above the structure, and cells extended
some protrusions in adjacent hexagons (not shown). As
hexagons size still increased (D13-D19), the geometry of
cell organization on these structures appeared far more
complex, with multilayered structures (cells in the hexagons,
superior cell layer above the structures) and a complex array
of interdigitated protrusions [Fig. 3(f)]. This is in line with
the local formation of a multilayered structure when MDCK
cells are confined to small circles in a 2D geometry
(100 um).** The situation reported here is complementary
because the configuration has no 2D limitation for the apical
plane, but there is a narrow 3D confinement.

In conclusion, simple basal protrusions were observed
from D3 to sizes corresponding to cell size (D10-D11) and
were able to reach uniformly maximal depths of 5um in
D7HS structures.

D. Engagement of nuclei and intercellular junctions in
hexagons

In hexagons with large enough D, cells were able to par-
tially engage specific structures like nuclei or intercellular
junctions, while maintaining intact epithelial layers above the
structure. This was here studied for a fixed height HS5. The
nuclei remained strictly above the structures for small D [D3,

Fig. 4(a), left]. For larger D (D5-D6), the nuclei still
remained mostly in the upper plane but very partly engaged
in hexagons [Fig. 4(a)]. This partial engagement concerned
about a quarter of hexagons situated below a nucleus, and its
depth was low in the order of 1um [Figs. 4(b) and 4(c)].
This engagement became gradually more important when D
increased (D7-D8.5), although still concerning only
30%—-40% of hexagons below a nucleus, with a maximal
penetration depth of 2—-3 um [Figs. 4(a)-4(c)]. However, upon
maturation of epithelial sheet (3 days after seeding) on D7HS
structures, nuclei engagement considerably increased [69%,
with some nuclei almost reaching glass bottom, Figs. 4(b)
and 4(c)]. At last, a transition to an important nuclei engage-
ment was observed from D9 to D10, with 70%-90% hexa-
gons containing nuclei extending to more than 4um
[Figs. 4(a)-4(c)]. For D > 11.5, a complete nuclei penetration
reflected the fact that cells began to fall entirely in the
hexagons, as previously described (not shown). Such nuclei
deformation in constrained topologies was previously
reported in other studies reporting invasion assays in pores
of adjustable size”> or cell organization between
4-ym-spaced pillars.*’

Interestingly, intercellular contacts were also able to
extend all the way down to the hexagon bottom, as shown
by F-actin labeling vertically extending from intercellular
contacts above the structure to the bottom of structures
[Fig. 4(d)]. Such structures were seen from D5 (while they
may already exist for smaller D but may be difficult to optic-
ally detect due to the small size of hexagons). They were
present in 25%—-40% hexagons located below an intercellular
junction for D5-D8.5 after 1 day culture, with only a slight
dependence on D, and in 45%-70% hexagons after 3 days of
culture [Fig. 4(e)]. Values progressively increased for larger
D, reaching more than 80% for D> 11 (and 100% for D19
with several cells in one hexagon) [Fig. 4(e)]. These close
intercellular contacts, vertically extending in hexagons, sug-
gested the existence of molecules involved in intercellular
adhesion; however, a detailed molecular characterization
remains to be made. E-cadherin extension in these vertical
contacts was not systematic (Fig. 2 in the supplementary
material® O), so these contacts may not be assimilated to adhe-
rens junctions. These contacts provide a potential interest by
allowing several different, unconnected zones of contact
between adjacent cells.

Characteristics of epithelial sheet organization in function
of D are summarized in Fig. 4(f). Protrusions extended from
D3 to D11, with total cell engagement intermixed with pro-
trusions from the above layer for larger D. Nuclei and inter-
cellular junctions start to engage in protrusions from DS5.
These values have functional importance concerning adhe-
sion and functional characteristics of epithelial sheets on
structures.

The sizes used in our study were intermediate between
ranges used in works with flexible pillars (2—4 um period-
icity), where cell-surface interactions take place only at the
top of the micropillar array,*®*” and ranges used to reproduce
the intestinal crypt structures (50-500um width, 120 um
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image (z=2.5 um, still red)]. White arrows correspond to intercellular junctions extending in hexagons. (e) Percentages of hexagons with intercellular junctions
above that have junctions extending inside, as a function of D, for 1 day seeding (green), with some points at 3 days of seeding for comparison (red). [Only
hexagons with junctions above, green on (d) right, were considered, and tested for the vertical propagation of intercellular contacts, red in (d) right]. Black
points correspond to measurements observed in one field of view of 92.5x 92.5 um> Mean of two independent experiments is represented for D < 10. See
Table 1 in the supplementary material (Ref. 50) for details. (f) Recapitulative scheme of protrusion formation, and nuclei and junction engagement as a func-
tion of D, for H=>5 um. The scale bar represents 10 um. z=0 corresponds to the basal plane of contact between cells and coverslip.

depth),?° large enough so that a part of individual cells can
settle initially in the bottom of wells, before migrating along
walls. Pillar widths in the same spatial range of our study
(4 um) led to deformations of osteosarcoma cell bodies and
nuclei*’ and to fibroblast spreading around pillars.** A work

on MDCK cells on porous materials, with holes between
0.45 and 5.5 um, showed that cells grown over pores were
less stiff and more fluid than cells on nonporous substrates;
however, no deep protrusions seemed to be formed, which
may be due to pore depth or substrate.*’ In larger pores of



50-500 um width, cells generated protrusions of various
thickness to sense their environments, in particular, protru-
sions horizontally bridging wells.*

E. Extension to other substrates

Results described so far correspond to the specific config-
uration of NOA resin built over bare glass, raising the ques-
tion of the contribution of glass bottom to protrusion
formation. To investigate this aspect, we generated arrays of
hexagons on a glass slide previously fully covered with an
NOAG61 carpet of 2um height. Carpets were produced by
two-photon photopolymerization of parallel lines close
enough (1 um interval) to generate a full coverage. Cells
adhered equally well to such a flat NOA61 carpet and to
glass, as illustrated by Fig. 5(a), with a similar cell area
(respectively, 186 +4 and 185 + 11 um?, obtained by measur-
ing mean cell densities in n=3 and 2 fields). As compared
with the isotropic appearance of F-actin filaments on bare
glass, it can be noticed that cell cultures on NOAG61 carpets
displayed a slight alignment with the NOA lines used for
carpet building, which is an illustration of the well-known
contact guidance phenomenon [Fig. 5(a), right sides].

After formation of D7HS or D7TH10, NOAG61 structures
on NOAGI carpets, deep basal MDCK protrusions were
observed, in a way similar to structures on bare glass
[Figs. 5(b) and 5(c)]. For both D7H5 structures on NOA
carpets and bare glass, the coverage of the hexagonal lattice
was total with maximal protrusion depths, 1 day after
seeding [Fig. 5(d)]. For D7H10 structures, the profile of
protrusion depths (partial after 1 day seeding) was similar
for NOA carpets and glass bottom [Fig. 5(e)]. This strongly
suggests that glass bottom did not play a major role in
stabilization of basal protrusions, which were produced to
the same extent in a homogeneous NOAG61 hexagonal lattice.

On the other side, we studied cell protrusion formation on
another substrate. We generated D7HS hexagons in PEGDA
575 (built on bare glass). Hexagonal arrays generated in
PEGDA 575 were nicely defined, with thin walls, as dis-
played by the SEM [Fig. 5(g)]. After seeding of MDCK
cells on D7HS5 PEGDA 575 structures, we observed the gen-
eration of basal protrusions to a similar extent as NOA61,
with similar depths after 3 days of seeding [Figs. 5(f) and
5(h)]. Epithelial sheet characteristics were similar as previ-
ously described for NOAG61 substrates: confluent layer above
structure with intercellular contacts, apicobasal polarity, and
formation of basal protrusions as visualized with F-actin and
fluorescent labeling (Fig. 3 in the supplementary material®®).
Also, protrusion characteristics were very close concerning
kinetics (~20% coverage 5 h after seeding, with partial guid-
ance and transient formation of vertical F-actin columns, and
good coverage 1 day after seeding—see surface labeling in
Fig. 2 in the supplementary material®®), characteristics (for-
mation of intercellular contacts at later times), and depend-
ence on D size (Fig. 3 in the supplementary material®®).

Finally, we tested the effect of an antiadhesive treatment,
methylcellulose  (MeCe).*” Coating various NOAG61

hexagonal lattices (D3H5-D7HS5) with a hydrophilic MeCe
layer completely suppressed cell adhesion on structures
(Fig. 4 in the supplementary material®®).

In conclusion, the obtained results show that the forma-
tion and characteristics of basal protrusions do not depend
primarily on the substrate used and may be a general prop-
erty of rigid substrates.

F. Characterization of the increase in basal surface
areas

Lattices of hexagons imposed a high increase in the 3D
basal surface area of the epithelial sheet. Theoretical values
for an increase in basal surface area assuming a full cell
coverage were calculated [Fig. 6(a), blue, from the formula
given in Sec. II]. For a fixed H5, the theoretical basal surface
area was threefold higher than the projected flat area for
D7HS structures, where full coverage was quickly achieved;
this increased gradually to an eightfold ratio for the smaller
D wused (D1.5), in which incomplete penetration was
observed [Fig. 3(a)]. Increasing H instead of decreasing D
was another way to increase theoretical 3D basal area, here
to a 4.8-fold ratio for D7H10 structures [Fig. 6(b), blue],
which could be fully colonized but at a lower rate [necessi-
tating a cell adaptation of several days, as reported in Fig. 2
(9]

Experimental measurements of the basal surface areas
were performed [Fig. 6(a), orange, for HS after 1 day
seeding]. From D7 to D3, a high (threefold) increase in the
experimental 3D basal surface area (compared to flat area)
was observed. This value was constant for all D values; it
was similar to the theoretical maximal value for large D
(D5-D7), while it diverged from theoretical values asso-
ciated with smaller D. This threefold increase might reflect
the maximal ability of the cellular sheet to increase its basal
surface area at short times. Accordingly, in the D7H10 struc-
ture after 1 day, where coverage was incomplete, the gain in
the experimental basal surface area remained in the same
range [3.1-fold, Fig. 6(b), yellow], in line with this model of
a natural limitation of cell sheet reorganization. However, 3
days after seeding, cells were able to adapt to deeper struc-
tures and to cover largely the D7H10 structure, leading to
higher values of the increase in the basal surface area
[4.7-fold, Fig. 6(b), orange]. Altogether, this very large
increase in the basal surface area is expected to have major
consequences on cell adhesion with the substrate and on cell
exchanges.

At the level of an individual cell, this increase in the basal
surface area was at least partly compensated by a decrease in
the horizontal area or height of each cell. We studied in more
detail the decrease in the horizontal area. (Note that a conser-
vation of epithelial cell volumes in 3D topologies was
reported in the literature,24 but detailed measurements of cell
volume were not performed here because of technical limita-
tions.) For D3-D11.5, where cells massively engaged basal
protrusions, measurements of individual horizontal cell areas
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(in the plane above structures) showed an almost constant half penetration (95 + 1/11112, n =2, green) but decreased after
twofold decrease compared to flat surfaces [Fig. 6(c)]. 3 days of seeding and complete engagement (55um?, n=1,
Mean horizontal surface areas, 1 day after seeding, were orange), representing about one-third of the area on bare
185 + 6 um? per cell, on bare glass (blue, right, n=3) versus glass [Fig. 6(d)].
90 + 3;11112 for cells on HS structures with D3-D11.5 (blue, Epithelial cell sheets could achieve a total basal surface
middle-left, n = 15) [Fig. 6(d)]. As expected, horizontal areas area increase either by increasing the cell number or by
became closer to those on bare glass, either for D1.5 with increasing the basal 3D surface area for each cell. Indeed, if
very limited protrusion generation (153 %25 um?, n = 2; blue, strong limitations in the volume/surface area increase of indi-
left) or for D14-D19 where the above cell layer generated vidual cells existed, then it would be expected that the
some interdigitated protrusion and established contact with ~ number of cells increases to compensate for that (for
the underlying cells in hexagons (129 4 um?, n=2; blue, example, number of cells multiplied by 3 for a threefold
middle-right) [Figs. 6(c) and 6(d)]. Similar values were increase in the basal cell surface area). Conversely, if the
observed 3 days after seeding, which may be due to the high  number of cells was kept constant (cells increasing their
initial cell density of cell seeding [186 +24um?, n=7, on surface area/volume to compensate for what is engaged in
glass (red, right) versus 108+ 15um” on D3-D11.5 struc- microtopography), the density would be unchanged. Because
tures, n=16 (red, left)], or on D7HS structures on NOA61 epithelial sheets on D5HS to D11.5HS structures, where all
carpets (118 £32um? n=2, brown, left) [Fig. 6(d)]. the hexagons were fully filled with protrusions, showed a
Horizontal areas were also measured on D7H10 structures, threefold increase in the 3D basal surface area compared to
where they were similar to D7HS after 1 day seeding and sheets on the flat surface, while their increase of the mean



cell density was only twofold compared to sheets on the flat
surface (bare glass), our results suggest that both cell number
and 3D basal surface area per cell were increased on these
structures. Values obtained for H10 suggest that the increase
in protrusion engagement at day 3 may be achieved by
increasing the cell number, with a final situation that still
necessitates an increase in individual basal 3D surface area
compared to the flat situation. Thus, epithelial sheets were
able to combine different ways of adapting to complex 3D
architectures, with a high surface area increase as a result.

IV. SUMMARY AND CONCLUSIONS

If it is well known that cells are able to generate various
types of membrane protrusions modulating their adhesive,
migratory, or functional properties, their ability to form basal
protrusions, particularly in the context of epithelial sheets in
response to their environment, remains, however, largely
unexplored. In this work, we characterized the effects of 3D
microtopography on cell geometrical organization and more
precisely on the induced basal cell protrusions. We evi-
denced that the topography of lattices of hexagons exerted a
strong influence on the cell protrusion generation ability. We
observed the generation of massive deep actin-rich cell pro-
trusions in both microstructures for tiny hexagons inferior to
cell size. These protrusions completely filled the internal
volume of hexagons, creating a surface contact area three
times more important than the corresponding flat area. This
study reveals the prominent ability of cells within the epithe-
lial sheet to form extensive protrusions in response to well-
defined three-dimensional microtopographies. From an in
vitro point of view, the scaffolds described here constitute an
original system to study membrane/cytoskeleton dynamics
and intercellular adhesion, and it will be important to charac-
terize cell dynamics during and after colonization of the lat-
tices. Of particular interest is the fact that adjacent cells in
the epithelial sheet are able to share an underlying hexagon
with protrusions emanating from two to three cells, and
propagating cell junctions, which may have significant
effects in terms of junction stability. This study also suggests
that the interactions between cells and biomaterials could be
strongly reinforced by designing appropriate 3D microarchi-
tectures that favor extensive protrusion formation, which
might be useful in implant integration.
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