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038

Abstract 039

Epithelial cortinoids, fluid filled shells formec? from in.duced pluripotent stem cells 83?
(iPSCs), must accommodate large deformations during growth and morphogen-

esis. Using inflation—deflation assays and high-resolution imaging, we find that 042

these fluid-filled shells are weakly-pressurized and achieve extreme deformability 043

through reversible soft modes of deformation accommodated by the cytoskele- 044

ton. We show that cytoskeletal elements such as actin localized along lateral 045
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047 cell edges undergo tilt and bend instabilities that buffer mechanical load by
048 decoupling apico—basal stretching from lateral extension. These reversible insta-
049 bilities act as elastic safety valves, permitting large shape changes without loss
050 of epithelial hydraulic and topological integrity. A minimal theoretical and com-
051 putational model demonstrates how tilt and bend reduce effective resistance to
052 radial thinning and explains the observed pressure—strain softening. Thus, iPSC
053 shells exploit reversible cytoskeletal instabilities as mechanical buffers, enabling
054 robust tolerance of large deformations in developing epithelia.

055 Keywords: iPSCs, pressure, elasticity, super-deformability

056

057

058

823 1 Introduction

061 Human embryo development is a complex multi-cellular process orchestrated by a
062 precise spatial and temporal sequence of self-organization processes including cell
063  growth, division, migration, differentiation events [1]. Embryo development is tightly
064 regulated by a well-defined sequence of shape and morphogenetic changes at the
065 multi-cellular level [2]. At the same time, individual stem cells have been shown
066 to be mechanosensitive: their fate can be influenced by mechanical stress alone or
067 in synergy with biochemical signalling [3, 4]. Direct in-vivo investigation of human
068 embryogenesis remains technically challenging, but advances in stem cell-derived in-
069  vitro models, along with ethical guidelines, have made organoids powerful tools to
070 dissect the successive stages of early development [5-7].

071 During implantation of the blastocyst into the maternal uterus, epiblast cells -
072 the progenitors of all embryonic lineages - aggregate into a polarized epithelial shell.
073 These cells establish apico-basal polarity, form tight junctions and generate a cen-
074  tral lumen. The nucleation and growth of this lumen is critically dependent on apical
075 actin polarization of specialized structures called apicosomes [8], while subsequent
076  lumen expansion occurs osmotically [9]. To recapitulate these events in-vitro, numer-
077 ous approaches have been developed using either embryonic (ES) or human induced
078 pluripotent stem cells (hiPSC) [7, 9-11]. These methods promote the self-assembly of
079 closed spherical pseudo-stratified epithelia in carefully controlled mechano-chemical
080  environments [12]. For this process to be reproducible, although adhesion to an extra-
081 cellular matrix environment is not a requirement, the rheological properties or the
082 matrix are essential, as they determine whether iPSC organize into lumen-containing
083 shells instead of solid spheroids [13, 14].

084 Following implantation, the first major morphological transition is the conversion
085 of an epiblast to an amnion [15]. From a physical viewpoint, it remains unclear how
086 a spherical pseudo-stratified epithelium transforms into a flaccid asymmetric amni-
087 otic sac composed of squamous amniotic ectoderm on one side and columnar epiblast
088 at the other. It has been suggested that the trophectoderm-derived tensile forces
089 drive this transformation by reshaping the epiblast into a cup-like shape [12]. How-
090 ever, the mechanical properties of in vitro epiblast-like models have not yet been well
091 characterized.

092
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In this work, we devise a quantitative customized nano-inflater to probe the 093
mechanics of iPSC-derived epithelial cortinoids. We show that these shells are weakly 094
pressurized during growth, in contrast with other types of epithelial shells, and 095
they exhibit ultra-low elasticity and super-deformability - unveiling a previously 096

unrecognized deformation mechanism in epithelia. 097
098
2 Results 099
100
2.1 Morphological and dynamical features of 101
compartmentalized hiPSC cortinoids 183
104
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Fig. 1 Morphological and dynamical properties of iPSC shells [a] Schematic of the cellular 1;2

capsule technology. ECM:Extra-cellular matrix, IS: Intermediate solution, AL:solution of alginate.
[b] Bright-field image of capsules taken on day D 0 (day of encapsulation - Scale bar=200 pm), D 125
4, D 5, D 6 (Scale bar = 50pm). [c] Lumen radius and thickness as a function of time. n=>5. [d] 126
Confocal micrographs of hiPSC shells cultured in Matrigel laden alginate capsules from day 2 to day 127
6. Nuclei in cyan (DAPI 405), ZO-1 tight junctions in green (EGFP 488), cytoskeletal actin in red

(Phalloidin 568). Scale bar=>50 pm. [e¢] Schematic of a pipette inserted into a hiPSC cortinoid inside 128
a capsule immobilised on a poly-lysine coated dish. [f] Top: Snapshots of a cortinoid with a pipette 129
inserted in the lumen for 15 minutes. Bottom: Schematic of the lumen fluid drainage through the 130
pipette. P;, and Pp are the pressure inside the lumen and at the free end of the pipette (outside) 131
respectively. [g] Time evolution of the lumen volume for assemblies of different sizes and at different

stages of growth after insertion of a pipette. [h] Left: Lumen pressure measured at different stages of 132
growth for cortinoids of different sizes. Violin kernel bandwidth = 0.2. Solid line in each violin plot 133
shows the mean value. p=0.1143 from standard Independent t-test. ns= not significant. For D4, n=7 134
and D5, n=6; Middle: Lumen pressure as a function of initial lumen radius. Spearman’s correlation

coefficient = 0.516. Right: Box plot shows the median (dark line), 25th and 75th quartile (the box), 135
and maximum and minimum (whiskers). 136
137
138
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139 We encapsulated hiPSCs in liquid core capsules made of a nutrient-permeable
140 hydrogel envelope using a microfluidic co-extrusion technique previously developed
141 by us and others [11, 16-18] (Fig.la). Our routine protocol, which relies on the
142 Rayleigh-Plateau instability, produces capsules with a diameter of 250 + 50 pm. This
143 compartmentalization enables facile and harmless manipulation of individual capsules.
144 To provide a niche-like environment, Matrigel, an ECM mixture, is co-injected with
145 the cell suspension at a volume fraction required to form a continuous matrix layer
146 anchored to the inner wall of the capsule [19]. Following encapsulation at low seed-
147 ing density (~ 5-10 cells/caps), we observed that hiPSCs readily self-assemble into
148 a cortinoid, i.e, a closed spherical epithelial shell, around a central lumen. We mon-
149 itored the dynamics over days using bright field imaging techniques [20, 21] (Fig.1b
150 and Supp. Video 1). From image analysis (see methods), we derive the shell radius
151 and thickness as a function of time (Fig.lc). Surprisingly, both parameters increase
152 monotonically, as observed in [22] and in contrast to lumenized assemblies of most
153 other epithelial cell types (MDCK, Caco2, and MCF10A) for which the increment in
154 lumen radius is concomitant with thinning of the cell layer [23-26]. Following lumino-
155 genesis, an epithelial apico-basal polarity is acquired as early as day 2, as marked by
156 the tight junction protein ZO-1 on the apical side. The cortinoids conserve a colum-
157 nar epithelium conformation till day 4-5. This epithelium morphology is stable and
158 evolves slowly toward a pseudostratified epithelium [27] on day 6 (Fig.1d), as expected
159 for epiblasts [28]. Although the thickness of the shell reaches almost 50 um at day 6,
160 this value is compatible with the architecture of a pseudo-stratified epithelium [29].
161 Tt also qualitatively suggests that this columnar hiPSC shell is not strongly pressur-
162 ized, contrary to cuboidal MDCK or squamous MCF-DClIs.com shells, where osmotic
163 pressure imbalance due to ion secretion by cells and subsequent passive transport of
164 water into the cavity lead to the establishment of hydrostatic lumen pressure [30-35].
165

166 2.2 hiPSCs cortinoids are weakly pressurized

167
168 The hiPSC cortinoids are encapsulated in a protective hydrogel hollow sphere, which

169 serves us to stick them on a substrate coated with poly-lysine. Using a glass micro-
170 Pbipette (diameter ~ 2-2.5 pm) handled with a micromanipulator under a microscope,
171 the alginate capsule and the shell inside are poked (Fig.1 e). The pipette creates a cir-
172 cular channel of size dp;, across the cell layer, between the inside and the outside (Fig.1
173 f). This allows us to probe the luminal pressure P, — Py using the Hagen-Poiseuille
174 relationship [35]: AP = RyQ where Ry is the hydraulic resistance of the fluid cir-
175 cuit, and Q is the flow rate across the pipette. Ry is strongly dependent on the profile
176 of the pipette at the tip, and on the viscosity of the intra-luminal liquid 7, which is
177 taken to be equal to that of water ~ 103Pa — s. Ry is derived by accurately measur-
178 ing the pipette profile close to the tip (Supp fig. A1).We monitored the lumen volume
179 Vvariation for different initial lumen volumes ranging from 0.05 to 0.35 nL (Fig.1 g and
180 Supp. Vid 2-3). With Rg=8 x 10'6 Pa-s-m~3, we found that the hydrostatic luminal
181 DPressure is always lower than 15 Pa, with an average value around 5 Pa, irrespective of
182 the size and age of the shells (Fig.1 h-i). This estimate is an upper value of the intra-
183 lumen pressure by assuming that the contact between the cell layer and the pipette is

184
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leak-free. We further checked that, upon retrieval of the pipette, lumen volume out- 185
flow stopped almost instantaneously, indicating a fast-healing capacity (Extended fig. 186
1 and Supp. vid 2). Altogether, these experiments demonstrate that our hiPSC corti- 187
noids are very weakly pressurized, suggesting a low tension in the epithelium. From 188
this point of view, the system exhibits an unusual property, since shells or acini are 189
commonly considered as pressurized after luminogenesis or above a critical cavity size 190

[35] [9]. 191
192

2.3 Upon inflation, hiPSC shells remain impermeable, exhibit 193
an elastic behaviour and are super-deformable 13‘51

We then evaluated the stress response of the cortinoid by injecting fluid into the 196
lumen, leading to a controlled inflation. This approach is the micro-scale analogue 197
of an approach originally devised to investigate the mechanical properties of animal 198
viscera [36]. We first injected an osmotically balanced fluid with a fluorescent dye 199
inside the luminal cavity to test for permeability or leaks (Fig.2 a and Supp. video 4). 200
No leakage is observed at the insertion point of the pipette in the cell layer, confirming 201
fast sealing of the epithelium. More importantly, from the radial profile of fluorescence 902
monitored over about 5 min from the centre to the outer edge of the shell, we were 903
unable to detect any increase in fluorescence outside the shell, indicating that the 204
epithelium retains its integrity and its role as an impermeable barrier (Fig.2 b). Due 205
to incompressibility of water in the pressure range of interest, the deformation of the  90g
shell is thus directly related to the volume of fluid injected. In our case, the initial 207
lumen volume of the shells is of the order of 0.2 nL. Since standard flow-meters have 908
a range and resolution that are insufficient to measure flows as low as a fraction of 909
nL/min, the flow rate is derived by monitoring the time evolution of the lumen radius 210
r when a pressure P4 (of the order of kPa) is applied. Once the pipette is inserted, 211
the lumen acts as a closed non-pressurized system (P, = 0). The pressure difference 212
Py — Py, drives a liquid flow into the lumen. The rate of increase in lumen volume is 213

V = 47r(t)%r, where r is the lumen radius and Py, builds up as: 214
215

Pr(t) = Pa — 477 (t)*i Ry 1) 216

217

where Ry is the hydrodynamic resistance of the system (see previous section and 218
Supplementary sec. Al). Due to the resistance of the inflating epithelium, pressure 9219
is expected to build up in the lumen and the flow rate is expected to decrease until 929
Pp, = P4, leading to a steady state. Conversely, in the inflated state, if P4 is reset to 9221
0, the pressure difference is reversed, leading to an outflow of liquid and a deflation of 999
the cortinoid. 223

We devise an experimental procedure in which a constant pressure step (P4) is 2924
applied and maintained for an increased duration at each cycle. Variations of the 995
lumen radius are monitored (fig.2 d-e). First, whatever the duration of application of 226
P4, we observe that the lumen relaxes to its initial size upon release of pressure and 997
deflation, indicating reversibility of the deformation (Supp. video 5). However, the 228
deformation reached at the end of the pressure step may vary from about 25% for 1 999
minute duration (cycle 1 - fig.2 d-e) to 80% when the pressure step is sustained for 930


https://doi.org/10.1101/2025.09.25.678533

bioRxiv preprint doi: https://doi.org/10.1101/2025.09.25.678533; this version posted September 29, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

231 around 4 minutes (cycle 7 - fig.2 e). By superimposing the different traces of radius with
232 time, there is complete reproducibility but the absence of any steady state (fig.2 f).
233 To extract mechanical properties, we first focus on the low-deformation regime (radial
234 strain < 10% ). By modelling the system as a thick elastic shell of Young’s modulus F
235 undergoing inflation at a constant applied pressure, we derive a constitutive equation
236 (details in Supp. fig A1)

237 Ki?F + E*(F — 1) = Py (2)
238 with 7 = r;(t)/a, K = 4ma®Ry encoding an effective viscosity and E* = 4E(1 —
239 (1 — B)3) being the apparent Young modulus of the epithelium, where 8 = (b — a)/b
240 s the ratio of thickness and outer radius at t=0 (b and a being the outer and inner
241 padii at t=0, respectively). By further varying P4 from 1 to 4 kPa (Supp. video 6-8)
242 and only examining the low deformation regime, fits of experimental data with the
243 golution of Eq.2 (fig.2g) yield an Young’s modulus, F = 4.6 =+ 1.4 kPa independent
244 of the stage of growth after encapsulation. Additionally, this value does not vary sig-
245 pificantly for cortinoids of different initial sizes (fig.2h). A similar elastic modulus has
246 peen numerically derived from a morpho-elastic growth model in [22]. For comparison
247 purposes, epithelial monolayers grown on collagen layers have been reported to be as
248 gtiff as 20-30 kPa[37]. More physiologically relevant, in [38], a Young’s modulus of 20
249 kPa was measured for a freely suspended monolayer of MDCK cells, which is more
250 than an order of magnitude higher than the one found here for hiPSC epithelium.
251 On deriving the lumen pressure from equation (1), for a loading cycle, we observe
252 minimal hysteresis between the loading-unloading pressure-strain traces (fig.2 i). The
253 collection of all experimental data for multiple cortinoids and multiple cycles at differ-
254 ent applied pressures shows that the rate of increase of lumen pressure decreases with
255 increasing strain at large radial strains > 0.4 (fig.2 j), indicating that the epithelium
256 s stretched without building significant stress. This shell softening signature at large
25T strains with reversibility hints at a stress-release mechanism, which is expected to be
258 heneficial for epiblast model growth. As a qualitative check, we perform an additional
259 experiment in which cortinoids are allowed to grow after inflation up to 100 % strain.
260 No significant change is observed in the growth and morphology of the cortinoids over

261 the next 20 hours (Extended Fig. 2), showing minimal impact of the high strains.
262
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Fig. 2 Impermeability and mechanical properties of cortinoids upon inflation |[a]
Schematic representation of the experiment of the inflation of a hiPSC shell with fluorescent dextran 299
[b] Left : Grayscale fluorescence snapshots (with FITC-Dextran 20 kDa at 0.1 % as a green fluores- 300
cent dye) during inflation. At t=0 s, the fluorescent ring around the lumen is the fluorescent ZO-1 301
tight junction. Scale bar=50 pm; Middle: Bright-field and Fluorescence micrographs showing simul- 302
taneously the cortinoid edge and lumen to quantitatively characterize permeability properties. Scale

bar=>50 pm; Intensity profiles across the cell layer as a function of radial distance from the center in 303
the region shown in the white box outlined in the image. The shell edge is marked by the blue line. 304
[c] Schematic indicating the notations in a typical inflation experiment where the radial strain is fol- 305

lowed with time. [d] Bright-field snapshots of a cortinoid that inflates and relaxes over multiple cycles
at a constant pressure step of 1 kPa. From first cycle, the lumen becomes darker due to black dye 306
added to the inflation fluid to increase optical contrast (see Methods for details). Scale bar=50 pm 307
le] Lumen radius (left Y axis) as a function of time when multiple steps of constant pressures (right 308
Y axis) are applied for various durations. Numbers (in Roman numerals) highlight the time-points 309
corresponding to snapshots shown in [d]. [f] Time evolution of lumen radius for the 7 inflation cycles

(c1-c7) shown in [e]. [g] Temporal evolution of luminal radial strain in the low strain regime (<10 %) 310
for different constant pressure steps. Experimental data are shown as filled shapes. Numerical solu- 311
tions of equation (2) (see text for details) at the different applied pressures P4 are shown as solid 312

lines.[h] Left: Elastic modulus of cortinoids on day 4 (n=4) and day 5 (n=15 derived from the curves 313
corresponding to strain < 10 %. Markers denote raw data and solid lines in the violins show the
mean for each case. Violin kernel bandwidth = 0.2. p-value > 0.1 from Mann-Whitney test. ns=non 314

significant. Right: Elastic modulus as a function of the initial lumen radius of the cortinoids (n=19). 315

The box plot shows the median (black line), 25th and 75th quartile (the box), and maximum and 316

minimum (whiskers). [i] Variation of the lumen pressure with the luminal radial strain over a cycle 317

of inflation and deflation (cycle 7 shown in [d]). Solid lines are visual guides. [j] Lumen pressure as

a function of radial strain (n=4 cortinoids and n=10 inflations). Solid line is a visual guide. Snippet 318

shows the variation in log scale with a 0.33 power fit. 319
320
321
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323 2.4 Bend-tilt mode of deformation
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346 Fig. 3 Cell edges bend and tilt at large deformations [a] Schematic of the protocol to fix
347 a cortinoid in an inflated state with paraformaldehyde (PFA) and corresponding confocal images of
the equatorial plane of a cortinoid in the normal resting state (top row) and in the inflated state
348
349 (bottom row). Nuclei in grayscale (DAPI), ZO-1 tight junctions in green (GFP) and basolateral
membranes in magenta (EpCAM). Scale bar = 20pm. [b]Magnified views of the confocal images.
350 (Left) White arrows indicate the orientation of the cell-edges with respect to the radial direction.
351 (Middle) White arrowheads highlight buckling and bending of cell edges. (Right) Red arrows indicate
359 the orientations of the main axis of the nuclei. Scale bar= 20 pm.[c] Schematic and quantification
of the tilt angle and scaled bending energy for each edge of the cortinoids shown in [b]. Arrows
353 indicate the average direction. The center of the lumen is shown with ’+’. The dotted curve denotes
354  the lumen boundary. Red and blue colour scales show the tilt angle and scaled bending energy,
355 respectively. [d] Bending energy B of cell edges at rest (n=20) and inflated states (n=18). ****p <
356 0.0001, Mann—Whitney U-test. [e] Tilt energy T of cell edges at rest (n=20) and inflated states (n=18).
*p < 0.05, Mann—Whitney U-test. In each violin plot gray markers indicate absolute values and
357 solid black line shows the mean value. Violin kernel bandwidth is 0.2 in all cases. Precise definitions
358 of B and T are given in the main text.[f] Confocal snapshot of a living cortinoid in a cycle of
inflation-relaxation, at radial strains epsilon =0; 0.5 and 0. Actin is shown in grayscale after contrast
359
360 inversion. Magnified views of the zone marked by the red-dotted box shows “edge A” (top row)
undergoing predominantly bending, and "edge B” (bottom row) undergoing predominantly tilting.
361 Blue arrowhead mark bending of the edge and the orange arrows highlight tilting. Outlines of the
362 Dbent cell edges are drawn with shade corresponding to the magnitude of the bending energy. Scale
363 bar=20 pm. [g] Variation of the bending energy B and the tilt energy T' with radial strain during
364 inflation and deflation of edges A and B, respectively. Arrows on each curve denote the direction of
change in radial strain.
365

366
367 To investigate the microscopic origin of the super-deformable behaviour, we first per-
368 form high-resolution imaging on fixed samples. To fix them in an inflated state and
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ensure that they have not relaxed, the cortinoids are inflated from the interior with 369
40% paraformaldehyde (PFA) (technical details in the Methods section) (Fig.3 a). 370
Confocal micrographs (fig.3 a) reveal that, at the rest state, the cell edges are predom- 371
inantly straight and aligned along the radial direction of the shell. The major axis of 372
nuclei is also aligned radially, oriented towards the center (fig.3 a-b top row ). At high 373
inflation (~80%), we observe a thinning of the epithelium, expected for an incompress- 374
ible cell material. The nuclei are primarily aligned in the ortho-radial direction and 375
flattened. The cell edges are either bent and/or tilted with respect to the radial direc- 376
tion (fig.3 a-b bottom row). To quantitatively assess the deformation of cell edges, we 377
define (i) the tilt angle, measured between the vectors from the centre of the cortinoid 378
to the apical and basal ends of an cell edge and (ii) the dimensionless bending energy 379
B, calculated as the integral of the curvature of an edge multiplied by the arc length 380
of the edge (see methods). A visual representation of tilt angle and bending energy is 381
shown in (fig.3 ¢) on a representative cortinoid. To represent the tilt in energy terms, 382
we also define the dimensionless tilt energy, T' computed as the square of the previ- 383
ously measured tilt angle (fig.3 ¢ and see methods). On calculating the tilt energy = 384
(fig.3 c¢) and bending energy (details in methods), we observe that compared to the 385
normal state, the energies are almost twice in the inflated state (figs.3 d and e). This 386
confirms that the edges are more bent and tilted in the inflated state. To ensure that 387
these are not artefacts from fixation and to allow investigation of the reversibility at 388
the microscopic level, we finally performed live confocal imaging of cortinoids during 389
an inflation-deflation cycle (Supp. video 9) by labelling the cell edges with the SPY 390
actin live probe (details in materials and methods). By monitoring two specific cell ~ 391
edges upon inflation to radial strain e = 0.5 and deflation back to € = 0, we observe 392
reversible bending and tilting events (fig.3 f) . The deformation traces an energeti- 393
cally reversible path in terms of B and T in a cycle, highlighting the elastic nature of 394
the cell edge in both modes, i.e. bending and tilting. Taken together, the experiments 395
described above suggest that structural deformations of the cell edges may buffer the 396
stress in the epithelium that accounts for the softening behaviour in the stress-strain 397
curve (Fig.2 j). 398
Although epithelial mechanics couples active stresses, viscous dissipation and 399
elastic storage, the reversible response in fig.2i and fig.3g signals that we probe a 400
elasticity-dominated limit[39]. The non-elastic terms originate from mechanochemical =~ 401
remodelling of the actomyosin cortex, and are governed by the turnover times of cor- 402
tical actin and crosslinkers (7, &~ 30-60 s) [40, 41] Using €pnax = 0.6 and 7, ~ 60 s 403
gives a reference strain-rate of érof = €max/70 = 1 % s~1. Because the strain rates in 404
our experiments (0.6 - 1 % s~!) are at this reference rate, mechanochemical remod- 405
elling is too slow to relax or generate appreciable stress within a cycle, and cellular 406
cortex acts like a solid yet hierarchically-flexible architecture. This elastic mechanism 407
provides a route towards extreme deformability, complementing the active superelas- 408
ticity reported earlier [42] in tissue mechanics. Whereas active superelasticity arises 409
at low strain rates (é < é.f), relying on actomyosin cortex remodelling, elastic 410
superdeformability emerges at high strain rates (€ > éyf). 411
412

413

414
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2.5 Modelling the mechanical response of cortinoids
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Fig. 4 Mechanical buffering through soft modes [a] Cell area preserving deformation modes.
The compression mode requires lateral edge length change. In the tilt mode the apical and basal face
move tangentially, to allow thinning of the cell without loss of lateral edge length. Similarly, the bend
mode follows from buckling of the lateral face. [b] Limits for the mechanical response. Black line:
apical /basal stretching and lateral compression (black line). Grey line: apical and basal stretching. The
analytical pressure-strain curves describe inflation of a 3D cortinoid, assuming volume conservation of
the epithelium and treating the cell faces as neo-Hookean incompressible thin sheets [see SI|. Pressure
is normalized as P = PR;,0/(Eyto). [c] 2D model for area preserving soft modes. The system incurs an
energy penalty for deviations from the reference configuration, which are proportional to the stretch,
tilt, and bend constants: ks, k¢, and k. [d] Effect of k¢ and k; on the simulated inflation response. We
display the minimum energy configuration for the limits of the explored parameter space at € = 0.6
(solid symbols). [e] Magnitude of tilt (in light red) and bend (in dark blue) of edges at ¢ = 0.6 as a
function of the original tilt angle for the 2D model (left) and experiment (right). Filled dots indicate
experimental and simulation results. The dotted lines are linear fits to the respective data sets. For
B, there is a weak dependence on the initial tilt angle. [f] Evolution of the bend distribution B for
the 2D model (left) and experiment (right) during a live experiment for k;,=0.00005 and k¢=0.005.

To examine how reversible elastic deformations of cell faces translate to mechani-
cal buffering at the tissue scale, we develop a minimal model for the pressure-strain
response (Supplementary sec. C). Volume-conserving inflation of an elastic cortinoid
leads to in-plane biaxial extension with transverse thinning. For a continuum solid
shell this necessarily entails radial compression [43]. Due to the hierarchical compos-
ite structure of epithelial tissue, an assembly of fixed-volume cells with a fluid cytosol
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enclosed by a thin actomyosin cortex, inflation of cortinoids can be accommodated — 461
not only by lateral face compression, as in a continuum solid, but also by the bend- 462
ing and tilting modes observed experimentally. Because the actomyosin cortex is thin 463
relative to the cell size (ty < d), bending and tilting offer far less resistance to shell — 464
thinning than compression (kbend/kcomp ~ (to /d)?), and thus act as soft modes of 465
deformation. These considerations define two limiting regimes: without soft modes, 466
apico—basal stretching must be coupled to lateral compression; with soft modes, the 467
effective resistance to radial compression vanishes. Fig 4b illustrates these limits for 468
inflation of a 3D volume-conserving shell of uniform cells with faces modelled as thin 469
incompressible Neo-Hookean sheets (see Supplementary sec. C). Removal of lateral 470
compression causes a marked drop ~ 50% in the pressure-strain relation. 471

To explore how these cell-level soft modes shape tissue mechanics between the two 472
limits, we construct a 2D cortinoid model of a ring of cells with harmonic penalties for 473
area change, edge stretching, whole-cell tilt, and lateral-edge bending [44-46](fig. 4a 474
and Supplementary sec. C)). After rescaling, the parameter space reduces to two 475
effective stiffness ratios for tilt and bend, k; (tilt) and k;, (bend). Minimizing the total 476
energy with respect to radial strain yields the geometric evolution and the pressure- 477
strain curve. The dominant deformation mode depends on the relative magnitudes of ~ 478
Ky and ky: bending for kb < k‘t, tilting for kp > k:t, compression when ky = k; ~ 1, 479
and mixed modes when ky ~ k; < 1 (see Supp vid 11). The resistance to soft modes 480
tunes the mechanics: when kb = kt = 1; lateral compression dominates when /~€b <1 481
or k; < 1, the mechanical response approaches pure apico-basal stretching, consistent 482
with the limits of the 3D model; and for intermediate values, the mechanics interpolates 483
between these limits (see Extended Fig. 3 and Supplementary sec. C). 484

The 2D minimal model links the control parameters, kp and /~€,g7 to two observables 485
accessible in experiments: the onset strain for bending and the onset strain for tilting 486
(extended Fig. 4 and SI). No clear onset in (B) or (T') is observed (Fig. 3g and Supp vid. ~ 487
9), consistent with a much lower resistance to bending and tilting, compared to lateral =~ 488
compression, i.e. ky < 1 and k; < 1. In this regime, the simulations qualitatively = 489
reproduce the experimentally observed dependence of B and T on the initial tilt angle 490

(fig. 4d) and the broadening of the distribution in B (fig. 4e). 491
Overall, these results indicate that during rapid inflation, lateral-edge soft modes 492
buffer the mechanics by decoupling radial thinning from the pressure-strain response. 493
494

3 Discussion 49
496

Our findings show that iPSC shells achieve extreme deformability by exploiting 497
reversible soft modes of deformation. During inflation—deflation cycles, lateral cell ~ 498
edges of the shells which are reinforced by actin filaments bend and tilt, providing 499
elastic pathways that buffer mechanical load by decoupling apico—basal stretching 500
from lateral compression. These instabilities act as mechanical safety valves: they are 501
reversible, preserve hydraulic barrier integrity, and prevent stress accumulation even 502

at high strains. 503
This mode of mechanical adaptation stands in contrast with plastic or super- 504
plastic deformation in engineered materials, where large strains are achieved through 505
506
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507 irreversible processes such as dislocation motion, grain boundary sliding or other
508 energy-dissipating [47-49]. iPSC shells instead occupy a distinct regime, where elastic
509 buffering through reversible instabilities enables large shape changes without perma-
510 nent damage. In this sense, they demonstrate that super-deformability can emerge not
511 only from softness or plasticity but also from the activation of alternative, low-energy
512 structural modes.

513 The superdeformability of iPSC shells is thus best understood as the outcome of
514 multiscale mechanics. The extreme softness of the epithelium is a consequence of its
515 meso-scopic structure, wherein the cytoskeleton provides access to reversible bending
516 and tilting instabilities that accommodate thinning and radial expansion leading to
517 large, reversible deformations while preserving epithelial architecture.

518 Such a strategy may be particularly valuable in morphogenesis, where epithelia
519 must often undergo extreme shape changes while maintaining functional integrity. The
520 ability to buffer stress through tilt and bend instabilities provides robustness against
521 rupture, offering a physical mechanism for the complex morphologies seen during
522 early embryogenesis. More broadly, our results suggest that developmental tissues may
523 harness reversible instabilities as elastic reservoirs, complementing or replacing plastic
524 remodeling, to ensure both mechanical resilience and morphogenetic flexibility.

525

526 4 Methods

527

g;g 4.1 iPSC cell culture and encapsulation

530 hiPS cells purchased from Corriell Institute (AICS-0023) are cultured using standard
531 Protocols in T25 plastic flasks (Corning-Ref: 353109), coated with Matrigel (Corning-
532 Ref: 354234). Once at a confluency of 75-80 %, the cells are detached using Acutase
533 (Stemcells-Ref: 07920) and resuspended in culture media at the required concen-
534 trations. The culture medium used for cell and capsules culture is mTeSR™ Plus
535 (Stemcells-Ref: 100-0276).

536 As previously described [11, 16], we used the Cellular Capsule Technology (CCT)
537 to produce capsules of an alginate shell (AGI, I3G80), enclosing 7-10 hIPSCs in an
538 extra-cellular matrix, Matrigel (Corning-Ref: 354234). Equal volumes of a diluted cell
539 solution of 0.8-1M cells/ml and Matrigel solution are used as a cell solution mixture.
540 DBriefly, using a microfluidic chip, a co-axial compound jet of an outer envelope of
541 alginate 2 % [w/v] and the cell solution, separated by an intermediate solution of
549 D-sorbitol (300mM, 85529, Sigma), is produced. The jet is allowed to fall freely and
543 break into core-shell droplets that are collected in a calcium chloride bath (100mM,
544 7774-34-7, Themo scientific), which leads to gelification of the alginate and formation
545 of the capsules. The capsules of hiPSCs are rinsed immediately with DMEM (Biowest
546 L0102) to remove excess calcium and cultured in mTeSR™ Plus culture medium at
547 37°C and 5 % CO2. ROCK inhibitor Y-27632 dihydrochloride (Tocris-Ref: 1254/10)
548 at 10 mM is added and replenished at 1/1000 dilution every day for the first 48 hours
549 after encapsulation. After 48 hours (day 2), culture media with Penicillin-streptomycin
550 (Gibco™ 15140122) in 1:100 dilution is used and replaced every 48 hours.

951
952
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4.2 The nano-inflation apparatus 553
The nano-inflator comprises of a pneumatic pressure source connected to a pipette ggg
mounted on a micro-manipulator . 556
Pipette fabrication: Capillaries (TW100-6 WPI, d;=0.75 mm, d;=1 mm)) are 557
shaped using a pipette puller (P-1000, Sutter Instruments) and clipped with a micro- 558
forge (MF2, Narishige ) to the required diameters for the experiments (2-3 nm). The 550
pipette needs to be stiff enough to penetrate the capsule and the cell layer without 560
bending. Increasing the pipette diameter enhances the stiffness but can cause substan- 561
tial damage to the cell layer, potentially leading to leakage during inflation . Hence, 562
an empirically optimized pipette profile is designed using a customized program on 563
the pipette puller. The pipette is pulled through a two-step process of heating and 564
pulling (parameters: Ramp: 525, 1-Heat: 525, Pull: 0, Vel: 20, Time: 200, Pressure: 565
500, 2-Heat: 535, Pull: 90, Vel: 75, Time: 200, Pressure: 500, . Using a premounted
. L . . . . 566
scale on the microforge objective, the pipette is positioned precisely and hot-cut at 567
the desired diameter. 568
Measurement of pipette diameter: The hydraulic resistance Ry of the microfluidic 569
circuit is dominated by the resistance of the pipette tip since the hydraulic resistance, 570
Rg ~1 /rﬁ. As a consequence, the tip must be measured accurately. Two different 571
techniques are used. To mitigate the aberrations caused by the cylindrical shape of
. L . . . . . . 572
the glass micrometric pipette tip, the pipette is dipped in water and imaged with a 573
high magnification objective (Nikon CFI Plan Apochromat Lambda D 40X, NA-0.95, 574
WD-0.21) in an inverted microscope (Nikon Eclipse Ti2). The other technique involves 575
the global shape of the pipette. The end of the pipette is conical: the inner diameter 576
increases linearly from the tip of the pipette over a length of at least 1 mm. Instead of 577
measuring the diameter at the fine tip, the diameter is measured with high precision 578
at 0.5-1 mm away from the tip using a 20X, 0.8 NA (CFI Plan Apochromat Lambda 579
D 20X, NA-0.8, WD-0.8) objective and linearly extrapolated to obtain the diameter 580
at the tip. A water soluble dye is used to fill up the pipette to further enhance the 581
contrast and accuracy of the measurements. 5892
Pipette filling: In most inflation experiments, the pipette is filled with an osmot- 583
ically balanced liquid composed of D-sorbitol (300mM, 85529, Sigma) and traces of 534
a dye, Napthol Blue-Black ( 2% [w/v] Sigma 195243 ), to enhance optical contrast
. . . . o 585
for further image analysis and shell rupture detection. The solution was preliminarily 586
sterile filtered with a 0.22 pm filter to remove impurities and debris that could clog 587
the pipette. The pipettes are back filled with a microneedle (MicroFil flexible nee- 588
dle, WPI MF28G-5) and mounted on the sleeve of the head of the pipette holder in 589
the micromanipulator (Eppendorf InjectMan 4). In the holder head, a rubber sleeve 590
tightly grips the pipette and care is taken to fill the small void behind this sleeve with 591
an excess of the injected fluid to ensure no bubbles. 592
Monitoring flow rate: The fluid circuit from the reservoir to the pipette holder 593
consists of a tubing with an inner diameter of 1 mm. A flow-meter (Sensirion LG16- 504
0430D) was first connected to the line to measure the flow rate in time. The reservoir 595
is positioned slightly below the vertical level of the pipette outlet to create a backflow 596
(from the pipette to the reservoir) due to hydrostatic pressure. This ensures that 597
during experiments, positive pressure is needed to reach a state of no-flow in the 508
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599 system and hence avoids the risk of uncontrolled flow in the system due to hydrostatic
600 pressure. To pressurize the system, a pneumatic pressure source (Biophysical tools)
601 with a resolution of ~ 0.05 mbars with a range of 500 mbars (5 kPa) is used. When
602 a shell of initial lumen volume 0.2 nL needs to be inflated by 10% in radius, or 30%
603 in volume, given that the accuracy of the flow-meters is 10~% nL/s, the experiment
604 would be over in a fraction of second, making the analysis inaccurate due to a lack
605 of temporal resolution. Instead, we directly monitored the increase of lumen volume.
606 The flowmeter is only used to check for bubbles in the fluidic line.

607

608 4.3 Immunostaining

609
¢10 Capsules were collected and fixed with 4% Paraformaldehyde (PFA) (Fisher

611 F/1501/PB17) on days 2-6 following encapsulation. Counterstaining was performed
g12 Wwith Hoechst 33342 (Life Technologies H3570) and Phalloidin (A12379, A12380, Invit-
613 rogen) (fig.1b). The hiPSCs TJP1 are endogenously tagged with mEGFP. To image
614 cortinoids in the inflated state, 40 % paraformaldehyde is injected to fix them from
615 the inside. Once a shell is inflated, it is immediately pipetted from the dish and
616 transferred into a bath of 4 % PFA and 0.2% glutaraldehyde (Sigma G6403). The
617 samples were kept in this solution for 2 hours, before washing with DMEM. To image
618 shells with highly resolved labelling of the cell edges, immunostaining was performed.
619 Permeabilization and blocking prior to immunostaining were performed at room tem-
g20 Perature for 2 hours in a solution of DMEM (without red phenol, 11054020, Gibco),
go1 Triton X100 0.1% (A4975, AppliChem Panreac), Tween 0.2% (Sigma P1397) and FBS
g22 10% (Capricorn Scientfic FBS-16A). To stain the baso-lateral edges of the cells in
g23 the epithelium (fig.3a), primary antibody epCAM (EpCAM Monoclonal MA5-12436,
624 Thermofisher) was used at 1:100 dilution, followed by a conjugation with a secondary
6o antibody (Alexa-fluor 647 A32787, Thermofisher) at 1:500 dilution. Primary antibod-
626 les were incubated for 72h, and secondary antibodies were incubated for 24h following
go7 thorough rinsing in DMEM with 1% FBS.

628

629 4.4 Imaging

630 Live monitoring of hiPSC growth was performed with an inverted microscope (NIKON;
631 AZ100) in a bright-field mode of acquisition with a macro-objective (Nikon AZ plan
632 fuor 5X). Immunofluorescent images (fig.1b) were imaged in 3D with a spinning-disk
633 microscope Leica DMI8 (Leica Microsystems) equipped with a confocal Scanner Unit
ggg CSU-W1 T2 (Yokogawa Electric Corporation) using a 20X multi-immersion objec-

tive at Bordeaux Imaging Center. For high optical sectioning of the inflated fixed
636 samples(fig.3a), a scanning-confocal microscope (Leica DMI6000 TCS SP8 X) with a

637 20X/0.75 immersion objective was used to image the samples in 3D.
ggg Inflation experiments with black dye in bright field mode has been performed

on an inverted microscope (Nikon Eclipse Ti2) with a 20X objective (Nikon CFI S
640 pian Fluor LWD ADM 20XC NA-0.7 WD-2.3) Inflation of hiPSCs cortinoids with
641 fyorescent dye (fig.2 a) was carried out on the same microscope with a spinning
642 ead (Cicero CrestOptics, Imagxcell) with the same objective. To stain hiPSCs shells

gj?l in live, non-toxic SPY-Actin 555 (actin) and SPY-DNA 650 (nuclei) (Spirochrome)
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are added to the culture media at 1:500 dilution, and incubated at 37°C, 5% COs 645
for 1 hour inside the incubator. For live imaging of the inflations (fig.3 f), selected 646
cortinoids are seeded on a glass bottom Petri dish and placed inside a microscope 647
stage incubator (Okolabs H301-K). Imaging is performed with a scanning confocal 648
microscope (Leica Stellaris DMI 8) using a 25X water immersion obejctive (Leica HC 649
FLUOTAR L VISIR 25x/0.95 WATER). To inflate the shells in this configuration, a 650
small customized manual stage fitted with XYZ micrometers and a pipette holder is 651

used. The same fluidic circuit and glass micropipette as discussed above are used. 652
653

4.5 Extracting morphological parameters 654
Similar to the image analysis methods described in [21], a image analysis pipeline using 222
ImageJ and MATLAB2023 (MathWorks) was developed to track the inner radius and 657
outer radius of the cell layer. Adding a dye during the inflation experiment facilitates 658
the visualization and delineation of the inner radius of the cell layer. Briefly, using 659
gradients of intensity in local windows of 20 pixels across the cell layer, the inner and 660
outer radius are determined at different angular positions of the shell. The region in 661
the vicinity of the pipette is discarded for quantification. The inner and outer position 662
of the cell layer are measured every 5° around the shell, and the mean value is used 663
to compute the lumen radius and thickness of the shell at each time point (Supp 664
Video 10). The standard deviation of these measurements takes into account the non- 665
circularity of the shell. In the case of the data processed for Fig.1 (b), analysis of the 666
shell volume is carried out manually by drawing masks over the lumen and outer edge 667
of the shell to extract the radii derived from the mean of the major and minor axes 668
of an elliptical fit over the luminal and external masks. 669
To derive the lumen pressure (fig.1 g), an exponential decay is fitted to the first 670

10 minutes of the variation of lumen volume with time. The flow rate at the instant 671
of inserting the pipette is extracted from the initial slope of this fit. This flow rate is 672
multiplied by the hydraulic resistance of the fluid circuit (see above) to measure the 673
lumen pressure in the rest state. 674
To trace the shape of the cell edges as the shell is inflated (fig.3 d), free hand 675
lines are drawn on the edges of the cells at different strains. Twenty equally spaced 676
interpolated points are used to discretize each edge at each time point. This removes 677
problems of pixel-fractality that may arise on free hand drawing. The bending energy 678
is calculated from the integration of the square of the curvature (k) over the arc length 679
(L) of each edge, B = L f k2ds. B here is non-dimensional and is proportional to 680
the bending energy density (see Supplementary sec D.3). The tilt energy is taken as 631
the square of the angle between the apico-central and baso-central vectors, T = 62. 682
Average values of these scaled bending and tilting energy are represented as (B) and 683
(T), respectively. 684
Supplementary information. All supplementary data has been included in a 685
separate document. 686
Supplementary videos. gg;
1. Supplementary Video 1: Growth of hiPSC shells cultured in Matrigel laden alginate 89
capsules from Day 4 (t=0 h) to Day 6. 690
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691 2. Supplementary Video 2: Micropipette inserted in the lumen of a cortinoid to pres-
692 sure the lumen pressure. The pipette is withdrawn after 15 minutes and the shell
693 is further monitored. Refer to Extended fig. 1.

694 3. Supplementary Video 3: Collection of shells with the pipette inserted and removed
695 for lumen pressure quantification.

696 4. Supplementary Video 4: Inflation of a shell with fluorescent dextran (FITC-Dextran
697 20 kDa at 0.1 %) shown in bright field (left) and in fluorescence (right). ’ON’ on

698 the video denotes the time when a constant pressure step is applied.
699 5. Supplementary Video 5: Multiple inflation and relaxation cycles on a shell at a
700 constant pressure step of 1kPa. ’ON’ on the video denotes the time when a pressure

701 step is applied.

702 6. Supplementary Video 6: shell inflation at a constant pressure step of 1kPA.

703 7. Supplementary Video 7: shell inflation at a constant pressure step of 2kPA.

704 8. Supplementary Video 8: Cortinoid inflation at a constant pressure step of 4kPA.
705 9. Supplementary Video 9: Live inflation and relaxation of a shell at a constant pres-

706 sure. (left) Bright field acquisition. (right) Actin of the cells marked with fluorescent
707 SPY-actin is shown in grayscale.
708 10. Supplementary Video 10: Automated quantification of lumen radius, thickness and

709 outer radius of a shell undergoing an inflation process at a cosntant pressure step
710 of 1kPa. The detection of the thickness of the cell layer at each angular position is
711 shown in green. The center is marked with a '+’ .

712 11. Supplementary Video 11: Limits of elastic deformation of 2D cortinoids for ky =
713 [5x107°,0.5] and k, = [5 x 107¢,0.5], Including the compression mode (top right)
714 and the two soft modes: tilt (top left) and bend (bottom right).

715
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058  Extended Figure 1 Lumen drainage before and after insertion of pipette. [a] (Left) Time-
059 lapse of a lumen with a pipette inserted and withdrawn. The lumen at t=0 min is outlined with a
060 Ppink dotted curve and at t=25 min is outlined with orange dotted curve. (Right) Zoomed in view of
061 the region of the shell in which the pipette is inserted (top) at t=0 min and (bottom) after removal

at t=25 min. The outlines of the lumens are shown in pink (top) and orange (bottom) dotted curves.
062 The axial line in the bottom shows the midline of the pipette that was removed. [b] Schematic show-
063 ing the insertion, drainage and healing of the cell layer on removing the pipette. [c] Variation of lumen
064 volume with time on inserting the pipette and withdrawing the pipette (shown in pink and yellow.
065 The dotted curve is an exponential fit to the points in the inserted region.
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082 post inflation. t=0h is 1 hour post the inflation. [c] Snapshots of a shell growing normally without

any inflation. [d] Variation of cell layer volume rescaled with the initial volume of the cell layer at
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084 t=0 with time post inflation.
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Extended Figure 3 Mechanical response of the 2D shell model. Pressure-strain curves for varying
tilt resistances k¢ (legend). For all simulations we consider disorder § = 1. [a] k, = 0.00005, and [b]
ky = 1. In both panels, the stretched based limit (black dashed) and soft mode limit (black dotted)
from Eq.D43 (supplementary sec.D)are shown for comparison.
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Extended Figure 4 Development of soft modes versus strain [a] 2D flat sheet model, [b]
2D symmetric cortinoid model (6 = 0), and [c] 2D disordered cortinoid model (6 = 1). [d] Onset
strain €. from [a-c]. Top row (tilt T'): colors correspond to k;. In [a] we plot the numerical solutions
of Eq.D48with predicted onset from Eq.D49(grey dotted). Panels [b,c] show simulations (Sec. D1)
with ky, = 0.5 to suppress the bending mode. In [c] we also plot ((§ — 60)?) (grey; intensity increases
with k¢) Bottom row (bend B: colors correspond to kp. In [a] we plot numerical solutions of Eq.D59as
well as the predicted onset from Eq.D60on the linearized solution (black dotted). Panels [b,c] show
simulation results (Sec. D1) with k¢ = 0.5 to suppress the tilt mode. In [d], €. is extracted as the
strain at the maximum slope of logio (T') or logio (B) versus logig €. Prior to differentiation the data
are smoothed using a 5 point moving average. An example is shown for k: = 0.002, k;, = 0.5. The
onset for tilt with § = 1 is determined based on ((8 — 6p)3).
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