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Abstract

Recent advances in the field of mechanobiology have led to the development of methods to
characterise single-cell or monolayer mechanical properties and link them to their functional

behaviour. However, there remains a strong need to establish this link for three-dimensional (3D)
multicellular aggregates, which better mimic tissue function. Here we present a platform to actuate
and observe many such aggregates within one deformable micro-device. The platform consists of a
single polydimethylsiloxane piece cast on a 3D-printed mould and bonded to a glass slide or
coverslip. It consists of a chamber containing cell spheroids, which is adjacent to air cavities that are

fluidically independent. Controlling the air pressure in these air cavities leads to a vertical
displacement of the chamber’s ceiling. The device can be used in static or dynamic modes over
time scales of seconds to hours, with displacement amplitudes from a few pm to several tens of
microns. Further, we show how the compression protocols can be used to obtain measurements of
stiffness heterogeneities within individual co-culture spheroids, by comparing image correlations
of spheroids at different levels of compression with finite element simulations. The labelling of the
cells and their cytoskeleton is combined with image correlation methods to relate the structure of
the co-culture spheroid with its mechanical properties at different locations. The device is
compatible with various microscopy techniques, including confocal microscopy, which can be used
to observe the displacements and rearrangements of single cells and neighbourhoods within the
aggregate. The complete experimental and imaging platform can now be used to provide
multi-scale measurements that link single-cell behaviour with the global mechanical response of

the aggregates.

1. Introduction

The field of mechanobiology has experienced rapid
growth in recent years, both from a fundamental sci-
ence point of view [1] and for tissue engineering
applications [2]. This growing interest in the link
between mechanics and biology has led to the devel-
opment of a wide range of techniques to measure the
elastic and viscoelastic properties of individual cells,
including atomic force microscopy, optical stretchers,

© 2024 The Author(s). Published by IOP Publishing Ltd

microfluidics, or deformable pillars [3]. As a result,
the mechanical properties of cells can now be related
to their state of disease [4, 5] or their differentiation
potential [6], while mechanical cues are used to dir-
ect stem cell differentiation [7] or to induce an epi-
thelial to mesenchymal transition of cancer cells [8].
Beyond work on individual cells, collective phenom-
ena have also been studied on two-dimensional (2D)
monolayers of cells, e.g. using traction force micro-
scopy or image analysis [9-11].
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In contrast with this highly developed field, very
few methods have been able to measure the elastic or
viscoelastic (the rheological) properties of 3D tissues.
This is a strong limitation since three-dimensional
(3D) tissues recapitulate the mechanics and biology
in vivo. Some work has probed the forces acting
within growing 3D tissues [12—15], while different
methods have been devised to measure the rheology
of individual spheroids [16—18]. However, there is a
need for a simple method that can probe the spher-
oid mechanobiology dynamically and generate data
on multiple spheroids in parallel.

The mechanical manipulation of multiple cellu-
lar monolayers (2.5D) or 3D cellular aggregates has
been performed using several microfluidic platforms,
either through the stretching of a membrane [19] or
the 3D compression of multicellular spheroids in a
hydrogel [20]. These methods leverage the flexibil-
ity of the most common microfluidic material, poly-
dimethylsiloxane (PDMS), to apply deformations or
stresses on the biological structure. In both of these
approaches, the pressure is controlled inside air-filled
chambers that are positioned on the sides of the chan-
nel containing the biological material. The deforma-
tion of these chambers applies a lateral motion in the
plane of the device, which is then transferred to the
biological tissue through a flexible membrane [19] or
a hydrogel [20]. A consequence of this choice is that
the micro-fabrication requires either multi-layered
devices or thin membranes that must be bonded to
the glass substrate.

Here we introduce an alternative approach to
studying the mechanics of 3D cultures, based on using
out-of-plane deformations of the microfluidic device.
The geometry, which is inspired by recent advances in
the field of soft robotics [21], is simple to fabricate in
a single PDMS casting step on a 3D printed mould.
We show that the devices can produce well-calibrated
static or dynamic loads on cell spheroids, over peri-
ods of a few seconds to several hours. Further, we
also show how mechanical information about the cell
state can be extracted by comparing measurements
obtained from bright-field imaging with numerical
simulations. Finally, we show that the device is suit-
able for high-resolution confocal microscopy, which
opens the path to linking single-cell with tissue-level
behaviours.

2. Microfluidic design and
characterisation

The microfluidic design is based on immobilising
spheroids between the roof and floor of a wide (in-
plane) and flat (out-of-plane) observation chamber
and then applying compressive forces by modulating
the height of this chamber. The construction of the
chamber then allows unhindered optical access to the
spheroid shape and other optical measurements dur-
ing the mechanical compression, as described below.

2
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2.1. Chip geometry and fabrication protocol

The micro-device is fabricated as a monolithic piece
of PDMS, which is cast onto a 3D-printed mould,
then bonded to a coverslip or glass slide. It is
composed of two main components, as shown in
figure 1(a): two observation chambers that are sur-
rounded by two air cavities each. The observation
chambers contain the spheroids and are fluidically
independent of the air cavities (see cross-section in
figure 1(b)). Each of the two observation chambers
is a disc of diameter 2.5mm and height 100 pym.
They are connected to each other and to the channel
inlets with a 500 pm high channel, as shown in the
cross-section of figure 1(c) and the full scan of the
device in figure 1(e). Two air cavities surround each
observation chamber. They are rectangular in the x—y
plane and have a right-trapezoidal cross-section, with
one rounded corner, in the x—z plane (figure 1(b)).
Applying a negative pressure inside the air cavities
deforms the PDMS and decreases the ceiling height in
the observation chamber, allowing for the compres-
sion of the spheroids.

A typical experiment begins with filling the obser-
vation chamber with the culture medium. Then pre-
formed hepatoma and/or fibroblast spheroids (130 £
20 4m in diameter) are introduced at the inlet, using
a hand-held pipette. The high ceiling of the chan-
nel allows them to flow freely at first. Once they
reach the observation chamber they are slightly com-
pressed, so that they become trapped by the low ceil-
ing (figure 1(c)). The spheroids can then be deformed
by the moving ceiling, while their geometrical and
functional responses are observed with a microscope
(figure 1(e)).

2.2. Calibration of the ceiling deformations
Applying a negative pressure inside the air cavities
deforms the device and decreases the ceiling height in
the observation chamber. This deformation depends
on the geometry and inner pressure of the air cav-
ities. To control the strain applied to the spheroids,
the device deformation is calibrated for different inlet
pressures, as shown in figure 2.

First, the device deformation was simulated using
Autodesk Fusion 360 for different geometries of the
air cavities and observation chambers (figures 2(a)—
(c) and SI movie 1 for an animation). A rounded
trapezoidal cross-section of the air cavities was found
to induce an efficient vertical displacement of the ceil-
ing of the observation channel, for the range of neg-
ative pressures available. In particular, the protrusion
of the overhanging part above the channel could be
modulated to enhance the deformation of the obser-
vation chamber. The amount of protrusion was then
chosen through a compromise between increasing the
deformation while maintaining the ease of microfab-
rication, particularly when peeling the PDMS off the
3D-printed mould.
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Figure 1. Chip design and protocol. (a) Schematic representation of the device and the stimulation setup. The imaging is
performed from the bottom of the glass slide or coverslip. (b) X-Z cross section of the device at the location shown by the dashed
black line in panel (a). The cross-sections of the air cavities and the observation chambers are the non-hatched areas. (c) Y-Z
section of the device at the location of the observation chamber disc shown in panel (a). The protocol for spheroid loading is
schematically represented. (d) Picture of a chip filled with food colouring (red). (e) Brightfield image of a chip filled with
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The simulation results were then tested exper-
imentally by injecting a suspension of fluorescent
microspheres into a device and letting the solvent
dry. This led the PDMS and glass surfaces inside
the chip to be non-specifically coated with a layer
of fluorescent particles that could be tracked by per-
forming confocal z-stacks for different air cavity pres-
sures, as shown in the orthogonal views along y—y' in
figure 2(d) (SI movie 2). They show that the whole
ceiling indeed goes down as negative pressures are
applied in the air cavities. It is important to notice
that the axes in these images are scaled unequally, as is
apparent from the scale bars. The ceiling is, therefore,
essentially flat and curves slowly around the edges.
The ceiling position is then estimated by fitting a
quartic function (in white) to the positions of the
fluorescent particles. Then by subtracting the fit at

zero applied pressure, the vertical displacement of the
ceiling could be measured at each pressure.

The experimental measurements show that the
vertical displacement of the ceiling increases linearly
as a function of the negative pressure, independently
of the position within the chamber figure 2(e). To
compare simulation and experiments, the displace-
ment of the chamber centre is shown for each case.
The simulation also predicts a linear displacement of
the chamber centre but underestimates its value by
~1/3.

The profiles of the ceiling along x—’ and y—y’ are
shown in figures 2(f) and (g), for a moderate range of
pressures. Over this range, the variability in the ceiling
displacement over its surface is & +10% around the
mean value. Note that it is possible to entirely collapse
the ceiling by extending the pressure range.
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Figure 2. Calibrating ceiling deformation as a function of control pressure. (a) Simulation of the deformations (in pm) in the
PDMS device (assuming Eppms = 2 MPa, vppms = 0.49, p = —500 mbar). The colour corresponds to the norm of the (x, y, z)
displacement. (b) A section in the X—Z plane of the device marked by the white dashed line in panel (a). (c) Magnified view from
panel (b) for the simulation of the ceiling deformation at the observation chamber. (d) Deformation of the ceiling at the disc
region of the observation chamber (along the Y direction marked by Y=Y’ in the schematic) labelled with fluorescent particles
present on the top and bottom surfaces of the chamber. The solid white line represents a quartic fit of the fluorescent particle
positions as the ceiling goes down. (e) Ceiling deformation in the observation chamber (displacement in fem) as a function of the
control chamber pressure. The line is the average displacement over all the positions of the ceiling. The points represent the
displacement of the centre (intersection of X—X" and Y-Y’ in panel (d) of the ceiling, and enable a comparison of the experiment
and the simulation. (f), (g) Ceiling deformation profile along the X—X’ and Y-Y’ represented in panel d at different pressures of
the air cavities. The quartic fit of the fluorescent particles for pressure 0 mbar was subtracted from the quartic fits of the other

pressure levels.

2.3. Applying static and cyclic compression on
spheroids

By following the protocols above, multiple spher-
oids can be injected into the observation chamber
with a pipette. They can then be deformed in par-
allel while being observed with brightfield micro-
scopy, as shown in figures 3(a) and (d) and sup-
plementary movie 3 for spheroids formed from a
hepatoma cell line (H4-II-EC3). Since the pressure

in the air cavities is computer-controlled, it is pos-
sible to program the spheroids to be compressed
either statically, see figures 3(a)-(c), or dynam-
ically, see figures 3(d—f). As the spheroids are
compressed vertically and observed from the bot-
tom, their area increases in the brightfield images.
The spheroids are segmented automatically (figure
3(e)) and the change in their equatorial area is
monitored.
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Figure 3. Measurements of static and dynamic spheroid compression. (a) Snapshots of a spheroid’s compression as the air cavity
pressure decreases. The pressure values are on the bottom left of each picture (in mbar). (b) For five spheroids in the same chip
(each curve is one spheroid), values of the measured equatorial area as a function of the pressure inside the control chamber. (c)
For the same spheroids as (b), change in the equatorial area as a function of the pressure inside the control chamber. (d)
Spheroids are trapped inside the disc region of the observation chamber. (e) Automatic segmentation of the individual spheroids
shown in panels (c). (f) Dynamic change of spheroids’ areas (in panels (c) and (d)) during a sinusoidal pressure cycle of
maximum pressure 0 mbar, minimum pressure —300 mbar, and frequency 0.5 Hz.
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In the static compression mode, the ceiling is
lowered stepwise, and we wait 5-10 s for the spheroids
to reach a steady state at each step before taking an
image (see movie 4). The observed area of the spher-
oids increases as a convex function of the applied
pressure, independently of the initial undeformed
area within the range tested here (see figures 3(b) and
(c)). Moreover, by normalising the deformed area by
its value at zero deformation, the curves are found to
nearly collapse on a single master curve, where the
~10% variability between spheroids can be attrib-
uted to differences in position within the chamber
(figure 3(c)).

In addition to the static compression, the pres-
sure in the air cavities can be programmed to fol-
low a sinusoidal pattern. This in turn leads to oscil-
lations of the chamber ceiling and of the observed
area of the spheroids, as shown in figures 3(d)—(f) (SI
movie 3). Here oscillations in the range 0, —300 mbar,
corresponding to a 25% deformation of the cham-
ber, are applied at a frequency of 0.5 Hz. Again, the
different spheroids follow the forcing frequency in
synchrony, and they can be observed individually or
together.

3. Measuring the stiffness heterogeneity
within co-culture spheroids

The ability to apply a fixed deformation of the
spheroids in this device can be used to probe the
mechanics of these 3D tissues, by comparing quant-
itative image analysis with numerical simulations, as
discussed below.

3.1. Biological models and their characterisation
off-chip

Co-culture spheroids were made by mixing H4-
II-EC3 cells with fibroblasts (NIH-3T3). The res-
ult was reproducible core—shell structures where the
fibroblasts formed a compact core, and the hep-
atoma cells formed a shell, as shown in figure 4(a).
The core size was controlled with the initial num-
ber of seeded cells: NIH-3T3 cells do not prolif-
erate in 3D while H4-1I-EC3 cells do. The num-
ber of fibroblasts was therefore chosen to reach
the desired core size and the number of hep-
atoma cells was chosen to reach a total diameter of
130 £ 20 pm.
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Figure 4. Structurally heterogeneous spheroids (a) Vybrant dye stained coculture of NIH-3T3 (magenta) and H4-1I-EC3 (green)
cells. The NIH-3T3 cells form a core, and the H4-II-EC3 cells a surrounding shell. (b) Composite picture taken of three types of
fixed spheroids in the chip: homogeneous H4-II-EC3 and NIH-3T3 spheroids, and a coculture of these two cell types. The images
are, from left to right, a brightfield image, a fluorescence image of phalloidin-stained F-actin, and a fluorescence image of
Hoechst-stained nuclei. (c) Brightfield images of homogeneous NIH-3T3 and H4-II-EC3 spheroids before (left), and after (right)
compression with a cantilever. The cantilever is displaced from right to left, and the spheroids are pressed against 3D-printed
traps. Starting from the moment of contact between the cantilever and the spheroid, the same displacement was imposed on the
cantilever for the two spheroids in these images. (d) Stress—strain plots for multiple experiments as shown in panel (c).

Given the different phenotypes of these cell types,
we expect their mechanical properties to be differ-
ent. To investigate this, we look at the structure of
the cocultures by staining their nuclei and F-actin. An
early indication of the mechanical contrast between
the two cell types can be found by the F-actin sig-
nal, which is much brighter in the fibroblasts than in
the hepatoma cells (figure 4(b)) [22]. Moreover, the
nuclear staining also displays a flattening of the fibro-
blast nuclei at the edge of the NIH-3T3 region, also
suggesting that internal stresses are compressing these
cells together.

To confirm that the core and shell have differ-
ent elastic moduli, we made mono-culture spher-
oids with the two cell types and measured their
elastic response in a cantilever experiment: a micro-
cantilever of known stiffness was used to press the
spheroid against a 3D-printed trap while observing
the spheroid in bright-field (see figure 4(c)). The dif-
ference between the imposed displacement on the
root of the cantilever and the observed displacement
of its tip was used to measure the deflection. The
stress is f/A with f the applied force and A the con-
tact area of the spheroid and the cantilever which
we approximate A = 40 x 40 um?. An ellipse was fit
to the spheroid in each frame to measure the strain:

6

the change of the length of the semi-axis along the
direction of the compression (for more detail, see
5.6). This allowed us to acquire the stress—strain
plots of figure 4(d), which yield average apparent
Young’s moduli of Eyyy = 2.14 +0.69 kPa and Esr3 =
31.8+£9.08 kPa, for the hepatomas and fibroblasts
respectively.

3.2. Signature of the stiffness heterogeneity in the
microfluidic device
The deformation of the monoculture and co-culture
spheroids was imaged using the micro-device while
applying air cavity pressures from 0 to —300 mbar,
with steps of —50 mbar. Brightfield images were
taken while statically compressing mono-culture
hepatoma spheroids and co-cultures with differ-
ent fibroblast core sizes (figure 5 and SI movie
4). Consecutive images were compared together by
applying a local image correlation algorithm, using
a library for particle image velocimetry (PIV, see
Methods section). This analysis provided a local
displacement field on the spheroids, as shown in
figure 5(i) for the transition from —100 to —150 mbar
for three co-culture configurations.

The norm of the velocity vectors from this vec-
tor field can then be averaged azimuthally to obtain
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Figure 5. Mean-field deformations for mono-culture and co-culture spheroids. (a) Mono-culture H4-1I-EC3 spheroid, (b)
H4-1I-EC3 and NIH-3T3 co-culture with a large core, (c) H4-II-EC3 and NIH-3T3 co-culture with a small core. (i) Bright-field
images of the spheroids. (ii) PIV between one compression level and the next (with steps of —50 mbar). The dashed white lines
circle the cores in the cocultures. (iii) Average radial displacement of the spheroids as a function of the position along the
normalised equatorial radius (average norm of the PIV vectors in thin rings of increasing size). The dashed lines represent the
core’s relative radius (respectively 0.51 (b) and 0.33 (c) of the total spheroid radius).

a one-dimensional representation of the displace-
ment as a function of the distance from the centre
of each spheroid. This is shown in figure 5(iii)
for the three spheroids in part (ii). A strong con-
trast is observed between the displacement field of
the monoculture spheroid and the co-culture spher-
oids: in the first case, the displacement is con-
tinuous from the centre to the edge of the spher-
oid, while the co-culture cases display a flat region,
with very little displacement. The undeformed region
matches the observed fibroblast core for different core
sizes.

3.3. Comparison with finite element simulations of
alinear elastic model

Finite element simulations were used to better
understand how differences between the mechanical
responses of the core and the shell would influence
the deformations of the whole co-cultures. Here the
spheroids were modelled as nearly incompressible
(Poisson ratio 0.49) elastic balls, deformed between
two plane surfaces considered rigid, since the PDMS
Young’s modulus is 100-1000 times higher than the
values measured for our cell aggregates [23]. Contact
between the spheroids and the substrate and ceiling
surfaces is considered purely frictionless. Because of
invariance properties, the problem depends only on

one spatial variable, here we choose the spheroid ini-
tial radius R, which we set to 1, and normalise all
other quantities with respect to it. By using the prob-
lem symmetries, this could be reduced to simulat-
ing an axisymmetric 2D section of a half hemisphere
(figure 6(a)). In the simulated spheroid, the core and
the shell were allowed to have different Young’s mod-
uli Eore and Egpepp. Simulations were performed while
varying E; = Ecore/Eshenl and simulating the mesh’s
compression along z; (figure 6(b)). Again, because of
invariance properties, the problem only depends on
this ratio, so we fix E.oe to an arbitrary value and
vary Egel.

The displacement of the nodes along the x; axis is
plotted in figure 6(c) for a compressive strain of 0.1R.
This strain is comparable with the data of figure 5,
where the deformation due to a 50 mbar pressure
change is equivalent to approximately 5 um out of a
channel height of 100 ym (figure 5(iii)). The simula-
tions produced a family of curves for different ratios
E; of the core to shell moduli, as shown in figure 6(c).

Comparison between the experimental and sim-
ulated displacement curves display semi-quantitative
agreement for the monoculture spheroids, where the
curve for E; = 1 presents a concave shape that reaches
a displacement at the edge of around 1.2%-R, in
agreement with the experimental measurements of
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Figure 6. Finite-element simulations of the deformation of a spheroid. (a) Cross-section scheme of a spheroid. The simulations are
performed on a half hemisphere 2D mesh of unit radius R. (b) A 2D mesh before (left) and after (right) a simulated compression.
A mesh has a core, of half-unit radius (in orange), and a shell (in blue) with different Young moduli. (c) The normalised
displacement along the normalised equatorial radius x; for different values of E; = Ecore /Esnen and a compression of 10% R.

figure 5(a). In the case of the co-cultures however,
the agreement is merely qualitative, with a factor
of about 3 separating the values of the edge dis-
placement between the experiments and simulations.
Nevertheless the shape of the experimental displace-
ment curve is consistent with a large heterogeneity in
stiffness between the core and shell (E, > 10), which
is in agreement with the independent measurements
using the cantilever that give E; o, = 15.

4. Discussion and outlook

In recent years the field of soft robotics has shown
how the geometry of 3D structures could be leveraged
to produce large and controlled deformations [24],
namely by using pressurised channels to induce large
deformations in elastomers [21]. Here we show that
similar approaches of using pressure to deform an
elastomeric micro-device can apply fine spatial and
temporal control on the scale of a cell spheroid.
Indeed, the ability of 3D printers to produce fea-
tures with a large size contrast and with complex
3D shapes provides a unique opportunity to design
micro-devices whose deformations can be tuned to
a wide range of applications. From a practical point
of view, the 3D printing step allows design iterations

to be made easily and enables different shapes to be
tested. Finally, coupling this device with a program-
mable pressure source allows deformation to be con-
trolled to the micron-scale and with the ability to
reach frequencies that are much faster than biological
times.

The device can be used to manipulate multicel-
lular spheroids in several ways. The above measure-
ments of mechanical heterogeneity within co-culture
spheroids show that it is possible to obtain quantit-
ative biophysical measurements from simple experi-
mental protocols. The mechanical properties that are
observed emerge from the organisation of the cells in
the 3D structures. While they depend on the phen-
otype of the different cell types, they are only indir-
ectly linked to the stiffness of individual cells in isola-
tion. As such, the current measurements highlight the
importance of working with multicellular structures
rather than only with individual cells.

The current experimental and modelling
approach suggest that the device can be used to per-
form more detailed measurements of the rheological
properties of 3D tissues. However the current results
suffer from two important limitations that will need
to be addressed in future developments. First regard-
ing the experimental setup, the current device lacks



10P Publishing

Biofabrication 16 (2024) 035010

a Uncompressed

Compressed
(-100mbar)

S Jain et al

Compressed
(-200mbar)

Figure 7. Single-cell characterisation of deformations. (a) Confocal sections of a spheroid with live membrane (orange) and
nuclear (blue) stainings. The panels show a section at the same z position as the spheroid is compressed (from left to right). The
yellow star tracks one cell, and the white stars its neighbours, showing a change in the structure of neighbouring cells. The white
arrows show the tangential re-alignment of the cells along the border when the spheroid is compressed, as a consequence of the
mechanical stresses. (b) 3D view of the nuclei of another spheroid as it is compressed, showing the deformation or displacement

of individual nuclei.

the ability to measure the force that is being applied
on the spheroids, in contrast with other parallel plate
instruments that have been reported previously [25,
26]. As a result it is not currently possible to obtain
a direct measurement of the stress—strain relation-
ship of the spheroids; only relative stiffness values are
observed here. Future versions of the technology will
remedy this by combining the use of soft gels with
the cell spheroids [12, 13, 15], in order to provide an
in situ measurement of the applied force.

The second limitation concerns the numerical
simulations shown here, which cannot capture the
experimental results more quantitatively. Indeed,
closer inspection of the deformation field in the
experiments shows a lateral displacement of the core
in the co-culture regime (SI movie 6), which breaks
the azimuthal symmetry and therefore cannot be cap-
tured by the axisymmetric simulations. This sym-
metry breaking, which is likely to be due to inhomo-
geneities in the stiffness field within each of the two
layers, is the reason why the simulations only qualit-
atively agree with the measurements of figures 5(b)
and (c). It would therefore be very informative to
develop more detailed numerical models, e.g. using
cell-scale resolutions [27]. Quantitative comparisons
between such models and experiments can then be
used to solve the inverse mechanical problem in order
to provide a detailed mapping of the stiffness field
within complex 3D cultures.

When these future developments are combined
with the ease of microfabrication and experimental
protocols, it will be possible to study more com-
plex tissues, such as stem-cell derived organoids that
contain a wide diversity of cell types and where
the cell patterning reflects their biological state [28].
Similar deformation analysis on complex tissues
will be able to show the presence of anisotropic
elastic moduli that may emerge e.g. due to the
alignment of contractile muscle cells [29]. Beyond
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simple measurements, the device can also be filled
with hydrogels in order to guide the differentiation
of cells within the spheroids, as was elegantly demon-
strated recently [30].

Finally, going deeper into the biological questions
will require the ability to link the mechanical stresses
and biological response on multiple scales from indi-
vidual cells to the complete tissue. Such a level of
detail is critical since force transmission is inhomo-
geneous within 3D cellular structures, where indi-
vidual cells may experience a wide variety of mech-
anical stresses under the action of external forcing.
Indeed confocal images show that some cells within
the aggregates get compressed while others rotate or
get sheared (see figure 7 and SI movie 5). The ability
to perform such highly-resolved images while apply-
ing the mechanical stimuli can then be combined with
advanced image analysis and graph-based represent-
ations [31] in order to build multiscale models of
mechanobiology [32].

5. Materials and methods

5.1. Fabrication of the compression device and
setup

The moulds to fabricate the chips were designed
using Fusion 360 (Autodesk) and 3D printed using an
SLA-FORMS3 printer and ClearV4 resin (Formlabs).
The moulds were filled with a mixture of PDMS
(SYLGARD, Dow) base and a curing agent at a ratio
of 1:10. The PDMS was cured at 80 °C for 2 h. Then,
it was separated from the moulds and then plasma
treated (Cute, Femto Science Inc.) for 40 s. It was then
bonded to a 24 x 65 mm (#1.5) coverslip (Menzel—
Gliser). The device was connected to Fluigent’s Flow
EZ pressure controller (LU-FEZ-N800), fed by a sup-
ply line of —800 mbar. The pressure cycles were con-
trolled using Fluigent’s OxyGEN software
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5.2. Cell culture and spheroid formation
H4-1I-EC3 (CRL-1600, American Type Culture
Collection) and NIH-3T3 cells (CRL-1658, American
Type Culture Collection) between Passage 10 and
Passage 20 were maintained on T-25 cm? flasks
(Corning, France) in a standard CO, incubator
(Thermo Fisher Scientific), following the instruc-
tions provided by the manufacturer (ATCC). The cul-
ture medium was composed of Dulbecco’s Modified
Eagle’s medium (DMEM) containing high gluc-
ose (Gibco, Life Technologies) supplemented with
10% (v/v) fetal bovine serum (Gibco) and 1%
(v/v) penicillin-streptomycin (Gibco). The cells were
seeded at 5 x 10* cells-cm ™2 and sub-cultivated every
three days.

The spheroids were fabricated using ultra-
low adhesion U-bottom 96 well plates (Corning).
Monoculture of 300 H4-1I-EC3 cells or 500 NIH-
3T3 cells were seeded into the wells in order to form
spheroids of about 130 &+ 20 pm in diameter after 24
h. To fabricate co-culture spheroids, the two cell types
were mixed at different ratios to generate various sizes
of fibroblast cores. 100 H4-II-EC3 and 400 NIH-3T3
cells resulted in large cores, while 200 cells of each cell
type gave small cores. Co-cultures were grown for 72
h to ensure their proper core-shell arrangement by
cellular self-organization.

5.3. Microscopy

All the images were taken using a motorized inver-
ted microscope (Ti2, Eclipse, Nikon), equipped with
either a spinning disc module (W1, Yokogawa) or
an epifluorescence setup (Lumencor). Brightfield and
fluorescent images were taken with a 20x objective
with a 1.8 mm working distance (long working dis-
tance) and a 0.70 numerical aperture (NA) (CFI S
Plan Fluor LWD, Nikon). The fluorescence images of
figure 7 were taken with a 60x oil immersion objective
with a 1.40 NA (Plan Apo VC, Nikon).

5.4. F-actin, membrane and nucleus staining

All the following reagents were introduced simply
by placing a filled pipette tip at an inlet and letting
the solution flow by gravity. No pressure is applied
through the pipette, allowing the spheroids to stay in
place. For F-actin staining, the cells were first fixed
with a 4% (w/v) PFA (Alpha Aesar) for 30 min and
permeabilized with 0.2 to 0.5% (v/v) Triton X-100
(Sigma-Aldrich) for 5 min. The samples were then
blocked with a 5% (v/v) FBS solution and incub-
ated for 90 min in a 1:200 phalloidin—Alexa Fluor
594 (Life Technologies) diluted in a 1% (v/v) FBS
solution. The cytoplasmic membranes were stained
with the CellBrite® Steady 650, following the manu-
facturer’s protocol. The nuclei were labelled using the
NucBlue™ Live ReadyProbes™ Reagent for live cells
and NucBlue™ Fixed Cell ReadyProbes™ Reagent
for PFA fixed cells, following the manufacturer’s
instructions.
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5.5. Image analysis

The spheroids were segmented using a custom-made
FIJI macro [33]. For each pressure value, the total
area, perimeter, and major and minor axes of the
spheroids are measured and recorded. To quantify
radial displacement within spheroids upon com-
pression, Particle Image Velocimetry (PIV) was per-
formed using the open-source MatPIV toolbox in
Matlab (2019b) [34], with a chosen window size 32 x
32 px and overlap 75%. A displacement field was
obtained for every deformation step applied to the
spheroid by integrating the velocity data. Note that
Digital Image Correlation (DIC) [35, 36] could have
been used as an alternative to PIV to directly extract
displacement data from the images.

5.6. Measurement of spheroid stiffness using
cantilever

5.6.1. Cantilever fabrication and calibration

The cantilever consists of an 80 yum diameter flexible
nitinol fibre (NitiWire, Fort Waynes Metals) attached
to a solid L-shaped glass pipette (Sutter instrument),
held in place using a pipette holder (Narishige). We
calibrated the cantilever by measuring its horizontal
deflection while adding small plasticine weights. A
horizontally placed stereomicroscope monitored the
deflection.

The computed stiffness of a cantilever of length
lef=14.5mm is k,r=0.2378 mN-mm~'. Then,
using beam theory, we can calculate the stiffness of
any cantilever of a given length. The relation between
the stiffness k and the length [ is k = l%, with k is a
constant. We can then compute the constant k using

our calibration values for ks and Lr: k= kreflfef:
724.96 mN-mm?.

5.6.2. Fabrication of traps for the spheroids

We fabricated traps to immobilize the spheroids dur-
ing the measurement. The traps were 3D printed on
coverslips using the DLP - Envisiontec Microplus HD
printer. Before printing, the coverslips were silanized
with 3-(Trimethoxysily)propyl methacrylate to pre-
vent the resin traps from detaching.

5.6.3. Spheroid compression

Spheroids were immobilized against 3D-printed U-
shaped traps and immersed in HBSS 1X at 20 °C (for
less than 2 h). They were then compressed against the
traps using a vertically mounted cantilever. The can-
tilever was brought near the spheroid using an XYZ
manual micro-manipulator (Thorlabs), coupled to a
piezoelectric stage (Physik Instrumente) controlled
by a computer. We imposed a linear displacement on
the cantilever to compress the spheroid (a 150 pm-
displacement for H4-11-EC3 spheroids and a 300 pm-
displacement for NIH-3T3 spheroids). We applied a
speed of 2.5 um.s~! for both cell types. We recorded
the position of the cantilever and spheroid using a
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confocal microscope (Zeiss LSM 980) with 2 s inter-
vals between frames.

5.6.4. Spheroid elasticity measurement

To compute the deflection of the cantilever tip, we
measured the relative motion between the piezoelec-
tric stage and the cantilever tip. The tip position
was automatically tracked using a pattern recognition
algorithm (skimage.feature.match_template from the
Python Scikit-Image package [37]). The stage posi-
tion was recorded by the stage hardware. The two sets
of positions were synchronized using their absolute
time, and the difference between the tip and stage
positions was then computed at any time by linear
interpolation. The zero-deflection was defined as the
offset between the tip and stage positions when the
cantilever is at rest before any movement. Any devi-
ation to this offset is then considered a deflection.
To measure the strain, an ellipse was manually fit
in each frame to the spheroid. The strain in each
frame is defined as “ 17010 , with I the diameter of the
ellipse semi-axis along the direction of the compres-
sion, and I, the initial value of this diameter. The
stress is f/A with f the applied force and A the con-
tact area of the cantilever with the spheroid. We do
not know this contact area but assuming it is sim-
ilar for both kinds of spheroids, we approximate A =
40 x 40 um?, based on the visible area on the images.

5.7. Numerical simulations

5.7.1. Modeling device deformation

The ceiling’s deformation was computed by solving
a standard static load application problem in Auto-
desk FUSION 360. Finite element analysis of device
deformation. The elastic modulus and the Poisson
ratio of PDMS were input as, respectively, Eppps = 2
MPa, v =0.49. A zero displacement was imposed on
the surface of the PDMS in contact with the glass
slide. Negative pressure values from 0 to —500 mbar
were then applied in the control chamber. The soft-
ware meshes the provided geometry automatically to
determine the ceiling’s deformation. For an air cavity
pressure of —500 mbar the simulation yields a max-
imum strain value of 0.27 in the PDMS. PDMS-10
(mixing ratio of base polymer to curing agent of 10
to 1) is known to remain in the elastic regime at such
levels of strain [23]. The simulations were therefore
linear.

5.7.2. Modeling the mechanical response of
hetero-spheroid compression

A standard linear elasticity model was solved by
performing a finite element computation using the
FEniCS library [38, 39] and the COMET demos [40].
Given the symmetry of spheroids and the con-
sidered compressive load, the system was reduced to
an axisymmetric quarter disc section, as shown in
figure 6(a). Therefore, we simulated the compression
along the vertical axis on a mesh of such a 2D section
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(figure 6(b)), and extracted the displacement of the
nodes along the horizontal axis. Contact is enforced
through a penalization approach, where the vertical
position of the mesh boundary nodes is forced to be
below a certain value. There is no constraint on the
horizontal displacement, so the contact is purely fric-
tionless. The deformability of the substrate and ceil-
ing could be taken into account by adapting the pen-
alty parameter. The mesh has a core and a shell of
different Young’s moduli E.,. and Eg,y. The input
parameters were each Young’s modulus, the size of the
spheroid, the core radius, the Poisson ratio, the amp-
litude of the compression, and the node density in
the mesh. Convergence tests were performed by using
meshes with node distances between 0.2R and 0.01R.
The node distance 0.1R was chosen.

Data availability statement

The 3D print design file of the device is avail-
able on GitHub: https://github.com/BaroudLab/
MechanoChip. The data that support the findings
of this study are openly available at the following
URL/DOI: https://doi.org/10.5281/zenodo.8428097.
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