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8.1 Introduction

The life of a multicellular organism starts from a single cell, which
grows, divides, differentiates, and forms various organs. Throughout this
journey, cells experience mechanical cues such as internal or external
forces, and geometrical constraints, affecting their motion and function.
Hence, understanding how multicellular structures respond to mechanical
signals is crucial to decipher mechanisms governing embryonic develop-
ment or pathological events such as tumor formation and metastasis
[1�3]. Mechanical signals induce cell shape changes, which in turn trigger
biochemical responses, generating feedback loops [2,4]. During embryonic
morphogenesis, forces at the tissue scale lead to cellular rearrangements,
giving rise to collective responses, as observed in early stages of Xenopus
[5,6] and Drosophilla [7,8] development, during embryonic elongation in
C. elegans [9,10], as well as in chicken and zebrafish embryos [11�13].

The response of a material to an applied force is governed by its con-
stitutive material properties. Multicellular living matter exhibits complex
rheological behaviors [14,15], such as liquid-like [16] or solid-like
[5,17,18] viscoelasticity, which determine their function [19]. In a seminal
work, Steinberg and coworkers proposed an analogy between tissues and
liquids to attribute a surface tension to soft embryonic tissues [16], which
explained their mutual enveloping capacity [20]. In this picture, the sur-
face tension is a direct consequence of cellular cohesion, which may be

193
Viscoelasticity and Collective Cell Migration.
DOI: https://doi.org/10.1016/B978-0-12-820310-1.00008-2

© 2021 Elsevier Inc.
All rights reserved.

https://doi.org/10.1016/B978-0-12-820310-1.00008-2


modified by individual cellular cortical tension [21]. Similarly, viscosity
can be defined for liquid-like tissues as a measure of the resistance to cel-
lular rearrangement in a stressed tissue [22,23]. In vivo tissues actively
adjust their rheological properties, in space and time, to properly execute
morphogenetic events [14,24�27], making the cross-talk between signal-
ing and mechanics very rich to explore.

The experimental techniques to study tissue mechanics can be divided
into three major groups. The first group consists of techniques that pro-
vide information about local material properties of the tissue and hence
can be used to study rheological variations over the cell scale. Such tech-
niques include atomic force microscopy [28] and active or passive micro-
rheology [29�32]. The second group of techniques probe the
intermediate scale between the cell and the tissue. They consist of cell-
size deformable probes, inserted into a cellular aggregate of embryo to
characterize local mechanical properties of the tissue [33�35]. Lastly, the
third group of techniques measures global tissue mechanical properties by
applying a controlled pull [36,37], by squeezing them between two plates
at an imposed strain [16,23,38], or by aspirating them inside capillary
tubes at a controlled stress [39,40].

In this chapter, we will focus on the technique of micropipette aspiration,
which is a versatile tool [41�43] to study the mechanics of soft and biological
systems over a large range of length scales spanning cell nucleus [44], single
cell [45,46], developing mouse oocyte [47], cellular aggregates [40], tissues
explants [39], and in vivo organs [48]. We will first detail key practical con-
siderations to setup the technique, and then present a case study where
micropipette aspiration serves to characterize the mechanical properties of
spherical cellular aggregates. We will discuss the manifestations of cell activity
in response to the applied stress, which modify the aggregate’s rheological
behavior. Then, we will describe how to characterize multicellular aggregate
permeability by using a microfluidic system. We will close the chapter by dis-
cussing application perspectives of the aspiration technique.

8.2 Micropipette aspiration technique: a practical
guide

We will open this chapter by giving a hands-on step-by-step guide
for setting up a micropipette aspiration system, to study the mechanical
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properties of multicellular systems such as cellular aggregates or tissue
explants. The technique is rather simple and inexpensive, within the reach
of biological laboratories. Moreover, as we will show later, the data analy-
sis does not depend on the precise shape of the sample (cell aggregate, tis-
sue explant, etc.), as long as the sample is large enough compared to the
micropipette diameter, which facilitates the application of the technique
to ex vivo tissue explants (Fig. 8.1D), organoids, and potentially to
in vivo tissues.

Figure 8.1 Micropipette aspiration technique. (A) The experimental setup. (B) Time
series of the aspiration of an aggregate into a pipette at a pressure 1470 Pa (15 cm
H2O) for almost 3 hours, and retraction of the tongue as the aspiration pressure is
set to zero. (C) Kymograph corresponding to the rectangular box in (B). The dashed
line presents the entrance of the pipette, (D) Aspiration of the presomitic meso-
dermal tissue from a chicken embryo. Images (B�C) are reproduced from K.
Guevorkian, J.-L. Maître, Micropipette aspiration: a unique tool for exploring cell and tis-
sue mechanics in vivo, in: Cell Polarity and Morphogenesis, Methods in Cell Biology,
vol. 139, Academic Press, 2017, pp. 187�201 with permission.
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8.2.1 Preparation and mounting of glass micropipettes
The central element of this system is the micropipette. Therefore great
care should be taken to obtain micropipettes with straight tips and long
tapers to ensure the uniformity of the applied stress to the tissue. Conic
tapers change the dynamics of aspiration and complicate the interpretation
of the data. Preparation of the micropipettes takes place in two steps.
First, the glass capillaries are extruded using a laser puller (Sutter
Instrument, USA), and then the tip is scored at the desired diameter,
either manually or by using a microforge instrument (Narishige, Japan).
For multicellular samples, such as tissue explants or cell aggregates, the
diameter of the micropipette tip should be at least 30�40 μm (several cell
diameter) and can go up to few hundred micrometers if the sample is
large enough. A microforge can be used to obtain diameters up to 50 μm,
but for larger diameters, the tip should be scored manually, either using a
ceramic tile (Sutter Instrument) or a second micropipette. Once the tip is
scored, it should be fire-polished by gently approaching the tip to the
heated wire of the microforge. Further information on the laser-puller
parameters and scoring techniques can be found in The Pipette
Cookbook [49]. We have found that borosilicate glass capillaries with
0.5 mm/1 mm (inner/outer) diameter yield the best tips for our
experiments.

The shape of the micropipettes can be adapted to fit into the experi-
mental chamber by simply heating the capillary with a flame or heated
wire. For example, to introduce the pipette into a Petri dish, it should be
bent in a step shape, as shown schematically in Fig. 8.1A. Simply hold the
pipette with the desired bending location above a flame and let it bent
under the action of its weight. This step should be performed before the
passivation step.

Once the micropipettes are pulled and scored, they need to be passiv-
ated to prevent cells from adhering to the surface of the glass. To this
end, we freshly prepare 0.1 mg/mL PolyEthyleneGlycol-PolyLysin (PLL
(20)-g[3.5]-PEG(2), SuSos AG, Switzerland) solution in 7.3 pH HEPES
from a 1 mg/mL stock solution. Note that this diluted solution can be
kept at 4�C for up to 1 week. The coating is considerably enhanced if the
pipette surface is activated in a plasma cleaner before the PEG-PLL treat-
ment. For large tips such as the ones used here, spontaneous capillary suc-
tion suffices to fill them with PEG-PLL. A piece of Parafilm is placed in a
large Petri dish, and 30�50 μL PEG-PLL drops are deposited on the
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Parafilm. With the help of a spacer, which can be made of modeling paste,
the pipettes are positioned slightly tilted, with one pipette tip in each drop.
One can verify that liquid runs up the pipette tip within few seconds. To
preserve the humidity, small pieces of wet paper tissues are placed in the
Petri dish, which is then closed with the cover. For the passivation to take
effect, this setup should be kept for 1 hour at room temperature. For an
experiment the following day, micropipettes can be left in the drops over-
night at 4�C, but care should be taken to prevent the drops from drying
up. Before use, the pipettes are rinsed with PBS solution.

To connect the micropipettes to the pressure system, a micropipette
holder (Narishige, Japan) is used, which in turn is mounted on an XYZ
translation stage, as shown in Fig. 8.1A. The other end of the micropi-
pette holder is connected to the water reservoir via Tygon tubing. The
three-dimensional micromanipulator is used to navigate the pipette inside
the experimental chamber. Once the sample to be aspirated has been
located, a very small pressure is applied by lowering the pressure system
just enough to hold the sample by sucking it slightly. Then we raise the
pipette a few hundred micrometers above the bottom of the chamber to
prevent contact between the sample and the bottom of the chamber dur-
ing the experiment.

8.2.2 Experimental chamber
The choice of the experimental chamber depends on the volume of the
medium available for experimentation. For small volume, a sheet of paraf-
ilm can be folded several times to give a U-shaped band of 5 mm 3

5 mm 3 5 cm. The band is then sandwiched in between the coverslip
and the slide by gently heating the slide on a heating plate and compres-
sing the system from the top. To assure the sealing, VALAP (Vaseline,
Lanolin, Paraffin 1:1:1) can be used at the contours. The aggregates and
the micropipette are then introduced from the open side, which is later
sealed by injection of mineral oil (M5904, Sigma-Aldrich) at the interface
to prevent evaporation.

If the volume of the solution is not a limiting factor, we suggest using
Petri dishes as experimental chambers, because the aggregates (or tissue
explants) survive longer in larger volumes of culture medium. In this
geometry, the micropipette needs to be bent to enter the dish, as dis-
cussed above. Once the pipette is positioned, the top of the dish is cov-
ered with a thin layer of mineral oil.
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8.2.3 Pressure system
In our experiments we use a water reservoir system to create a suction
pressure, as shown in Fig. 8.1A. A 50 mL home-made plastic or plexiglass
reservoir, connected with a Tygon tubing to the micropipette holder, is
mounted on a micromanipulator, which in turn is mounted on a vertical
linear translator. The micromanipulator allows precise positioning of the
water reservoir, of particular importance for locating the null pressure.
The vertical translator with a large step size (UniSlide Rapid advance,
Velmex Inc., USA) is used to change the pressure quickly.

Before each experiment, it is essential to level the height of the water
reservoir with the liquid in the chamber, such that there is no pressure
difference. The position of the zero pressure is found by locating the exact
position of the water reservoir where a trapped small debris in the micro-
pipette does not get sucked in or pushed out. A pressure difference is
applied by simply lowering the reservoir by a distance h, which yields a
suction pressure: ΔP5 ρgh, where ρ is the water (medium) density
� 1000 kg/m3, and g5 9:81 m/s2 is the gravitational acceleration. We
note that the volume of the thin layer of oil is negligible and does not
change the density.

In this system the accuracy of the applied pressure is around 20 Pa,
which is much smaller than the suction pressures used for soft tissues
(ranging from 100 Pa to 5 kPa). An alternative to the water reservoir sys-
tem is a microfluidic pump, as has been described elsewhere [42].

8.2.4 Aggregate preparation
In the experiments described in this chapter, murin sarcoma (S180) cell
lines transfected to express E-Cadherin molecules [50] were used. This
technique to produce spherical aggregates can be applied to other cell
lines as well. The cells were cultured under 5% CO2 atmosphere in
DMEM enriched with 10% calf serum. Confluent cells were detached by
incubation in Trypsin/EDTA for 5 minutes, diluted in CO2 equilibrated
culture medium, and centrifuged for 3 minutes at 1300 rpm. The pellets
were resuspended in 5 mL of CO2 equilibrated medium, at a concentra-
tion of 400,000 cells/mL, in 25 mL Erlenmeyer flasks that are placed in
an orbital shaker at 75 rpm at 37�C for 18�24 hours, similar to
procedures described in Ryan et al. [51]. With this technique, spherical
aggregates of sizes varying from 100 to 500 μm in diameter
were obtained. Before each experiment, aggregates were resuspended in
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CO2-independent medium enriched with glucose and 10% calf serum
and transferred into the experimental chamber. Spherical cellular aggre-
gates can also be prepared using the traditional hanging-drop technique
[52] or microwell systems [53].

8.2.5 Video microscopy and image analysis
The video imaging is performed using an inverted microscope, function-
ing in bright field, equipped with 3 10 or 3 20 air objectives and a
CCD camera. To observe cell rearrangements, confocal microscopy can
be used as well. A heated microscope stage is used to keep the sample at
37�C. The image acquisition frequency varies between one frame per sec-
ond to one frame per 30 seconds depending on the speed of aspiration
and retraction. Fig. 8.1B shows a typical image sequence of an aspiration
and retraction cycle, whereas Fig. 8.1D demonstrates the applicability of
the technique to a mesoderm explant dissected from a 2-day chicken
embryo.

To analyze the dynamics of the advancing tongue inside the pipette,
manual tracking plugins available in Fiji (Image J) or custom-made auto-
mated routines can be used. A rapid and efficient way of observing and
analyzing the dynamics is to use the kymograph modules available in Fiji
(Image J) software as is shown in Fig. 8.1C for a typical aspiration/retrac-
tion cycle. A rectangular region is selected representing the whole aspi-
rated tongue. Then, the Reslice function is used to produce a kymograph
for each horizontal line in the form of a stack. To obtain the well-
contrasted image presented in Fig. 8.1C, the Standard Deviation function
in Fiji is applied to the stacks. Next, an edge-detection algorithm readily
gives the aspiration and retraction profiles as a function of time. We have
used this methodology to analyze the shivering profiles, as will later be
discussed (Fig. 8.3A).

8.2.6 Microfluidic channels, alternatives to micropipettes
Besides their extensive use in single-cell studies, microfluidic channels can
be used to study the flow properties of multicellular systems in confined
geometries. Microfluidics have the advantage of providing channels of
reproducible, precise dimensions as well as more complex geometries, like
the one discussed in Section 8.6 to measure the permeability of cellular
aggregates. However, in using these channels, few corrections should be
brought to the analysis represented in the next section, to take into
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account the noncircular cross-section of the channel, and the asymmetry
imposed on the flow of the aggregate due to the flattening of the side of
the sample facing the coverslip.

8.3 Viscoelastic behavior of cellular aggregates

Here we summarize how the micropipette aspiration technique
reveals the viscoelastic characteristic of some embryonic tissues and
tumors. An elastic material builds up stress upon deformation, and it
regains its initial shape when the applied force is removed. The ratio of
the applied stress (force per area), σ, to strain (deformation), ε, gives the
elastic modulus, E5σ=ε. Thus a higher E denotes a material that is less
deformable. In contrast, a viscous material deforms as long as the force is
applied and does not regain its original shape once the force is removed.
The dynamic viscosity coefficient is given by η5σ=_ε, where _ε denotes
the strain rate. Complex fluids, like living tissues, exhibit viscoelastic prop-
erties [23,55], meaning that unlike purely elastic or viscous materials, the
nature of their response to an applied stress is time-dependent. The sim-
plest type of viscoelastic behavior exhibits a characteristic time, τ � η=E,
which describes the transition from a short-time elastic regime into a
long-time viscous regime.

The elastic and viscous properties of a tissue depend on several factors.
The elasticity mainly depends on the structure of the extracellular matrix,
the cell�cell adhesion, and the cellular cytoskeleton. The viscosity of a
tissue originates from the dissipation due to cellular rearrangements.
Moreover, when embryonic tissue explants are excised from the embryo,
they round up to a final spherical form, like liquid drops, to minimize
their surface energy. This is a manifestation of an effective surface tension
[16,23], which has been related to the strength of cell�cell adhesion, for
example, by modulating the expression of cadherin molecules, and to cor-
tical tension [20,21].

To quantify viscoelastic parameters, spherical cellular aggregates are
used as in vitro model systems for epithelial tissue. The advantages of these
systems are that one can obtain aggregates of controlled and variable sizes,
and modulate the strength of cell�cell adhesion by using cell lines expres-
sing different levels of cadherin molecules.
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8.3.1 Aspiration force and surface tension
Liquids tend to minimize the area of their free surface under the action of their
surface tension. This is why an oil droplet in water will take a spherical shape.
Cellular aggregates display a similar behavior, characterized by an effective sur-
face tension arising from intercellular adhesion and cellular cortical tension
[16,23]. The aspiration experiment shown in Fig. 8.1B�D demonstrates that
once the aspiration pressure is released, the aspirated tongue is slowly reab-
sorbed inside the aggregate. Here, the restoring force is the effective surface
tension, which is also the driving force in rounding experiments [56].

In the following we will derive the equations of a viscoelastic liquid
model describing the aspiration of a cellular aggregate into a micropipette.
We start by quantifying the net aspiration force deforming the aggregate,
which, as we will see, is modified by the effect of its surface tension.

Let us consider an aggregate of resting radius R0. We apply an aspira-
tion pressure, ΔP, with a pipette of radius Rp, which corresponds to a
total aspiration force fa 5πR2

pΔP. For large pressures, the aspirated length,
L, inside the pipette will be larger than Rp, as shown schematically in
Fig. 8.2A. In this case, the free energy of the system, F, is given by:

F5 ð4πR21 2πRpLÞγ2ΔPπR2
pL; (8.1)

where γ is the effective surface tension of the aggregate, and R is the
radius of the aggregate. Considering that volume is conserved during aspi-
ration, we obtain:

4
3
πR3

0 5
4
3
πR31πR2

pL.4πR2δR1πR2
pδL5 0: (8.2)

Therefore the effective aspiration force that contributes to aggregate
deformation, f 52 δF

δL jV , is given by:

f 5πR2
p ðΔP2ΔPcÞ; (8.3)

where ΔPc 5 2γ 1
Rp

2 1
R

� �
corresponds to Laplace’s law and denotes a

critical pressure above which the aggregate will flow inside the pipette.
For RcRp, the radius R of the aggregate can be considered constant,
R � R0, ΔPc approximated by:

ΔPc 5 2γ
1
Rp

2
1
R0

� 	
: (8.4)

201Flow dynamics of 3D multicellular systems into capillaries



Figure 8.2 Rheology of cellular aggregates. (A) Schematic representation of an aspi-
rated aggregate. (B) Confocal image of an aspirated aggregate, where the E-
cadherins are tagged with GFP. The stretched cells can be observed inside the
pipette and in the deformation zone within a radius Rp into the aggregate body
depicted with the white dashed line. The pointed line shows the hemispherical cap,
whose formation indicates the full development of the capillary resistance.
ΔP5 500 Pa, scale bar is 50 μm. (C) Schematic diagram showing the experimentally
measurable parameters, and the rheological models for ΔPcΔPc . (i) the complete
model with tissue and cell viscoelasticity (modified Kelvin�Voigt model), and (ii) a
simplified model that neglects cell viscoelasticity (Maxwell liquid model). (D)
Aspiration and (E) Retraction curves for an aggregate of radius R0 5 180 μm and
pipette radius Rp 5 35 μm at ΔP5 1176 Pa. Dashed lines are fits to the data using
Eq. (8.12). (F) Schematic diagram showing the experimentally measurable para-
meters, and the rheological model for ΔP#ΔPc . (G) Effective surface tension as a
function of applied force. Open symbols are obtained from Eq. (8.17), filled symbols
are from Eq. (8.16), and using the measured value of η. (H) Aggregate flow velocity
as a function of stress. (I) Normalized deformation as a function of stress. Image (B) is
reproduced from K. Guevorkian, D. Gonzalez-Rodriguez, C. Carlier, S. Dufour, F.
Brochard-Wyart, Mechanosensitive shivering of model tissues under controlled aspira-
tion. Proc. Natl. Acad. Sci. U.S.A. 108 (33) (2011) 13387�13392 and images (D, E, G, H)
are reproduced from K. Guevorkian, M.J. Colbert, M. Durth, S. Dufour, F. Brochard-Wyart.
Aspiration of biological viscoelastic drops. Phys. Rev. Lett. 104 (2020) 218101 with
permission.
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We note that for the case where ΔP#ΔPc, the aggregate will
respond with a small deformation δe #Rp, as shown schematically in
Fig. 8.2F, and the aggregate does not flow at long time. In this regime,
ΔP5 2γ 1

r 2
1
R0

� �
, where r is the radius of curvature of the aspirated pro-

trusion. r is related to the deformation δe through

1
r
5

2δe
R2
p 1 δ2e

: (8.5)

Because in this regime r.Rp, the amount of pressure resisted by the
surface tension is smaller than ΔPc. This regime ends when the applied
aspiration pressure becomes ΔP5ΔPc, which corresponds to δe5 r5Rp.
At this threshold of pressure, the capillary response of the aggregate is fully
developed, as demonstrated by the formation of a hemispherical cap at
the end of the tongue, as seen in Fig. 8.2B. Beyond this critical aspiration
pressure (corresponding to a maximal capillary force fc max 5πR2

pΔPc), the
aggregate flows over a long time. In this second regime of larger deforma-
tion, the effective aggregate rheology can be represented by Fig. 8.2C(i),
with a net force for aggregate deformation f given by Eq. (8.3).

We can use Laplace’s law to measure the surface tension of aggregates
as follows. We start by applying a weak aspiration pressure, which we
then increase in small steps while monitoring the length of the tongue L.
When L5Rp, ΔP equals ΔPc, from which γ can be estimated. While
measuring precisely the pressure at which L5Rp remains tedious due to
the slow dynamics of the system, this method provides a rough estimate
for γ, which in the case of aggregates of S180 murin sarcoma cell lines
used in our studies is 5 mN/m , γ, 7 mN/m. Note that the surface
tension measured with this technique denotes the surface tension of the
aggregate at rest, which we refer to as γ0 in Section 8.3.5. We will later
discuss a second approach to measure the surface tension, which can be
obtained from the dynamics of aspiration.

8.3.2 Elastic deformation
Now let us look at the aspiration dynamics inside the pipette when the
aggregate is subjected to a large constant strain σ5 f =A0, where
A05πR2

p , leading to σ5ΔP2ΔPc. Fig. 8.2B shows a typical creep
curve with two distinct regimes; a rapid deformation defined by δ, fol-
lowed by a constant flow at a rate v. Similar behavior has also been
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observed for Chinese hamster ovary cell aggregates, using the parallel plate
compression technique [57].

Taking the strain ε5 δ=Rp2 1, we obtain

E5
σ
ε
5Ce

RpðΔP2ΔPcÞ
δ2Rp

: (8.6)

The constant Ce has been calculated numerically and shown to depend
on geometric parameters such as the ratio between sample size and the
pipette radius as well as to the wall thickness of the pipette tip [39]. For
our experimental conditions CeC1.

Similarly, over a long time, the aggregate behaves as a viscous fluid
flowing at a constant velocity v, as we discuss below. The strain rate is
_ε5 v=Rp, leading to the viscosity:

η5
σ
_ε
5

1
Cv

RpðΔP2ΔPcÞ
v

; (8.7)

where the coefficient Cv depends on the geometry. Also note that in
order to measure the aggregate viscosity, intercellular friction must be the
dominant dissipation mechanism, as we discuss in the next section.

8.3.3 Viscous dissipation
Based on experimental observations, aggregate flow into the pipette is
assumed to exhibit a plug flow profile. Moreover, in the following discus-
sion we will assume aggregate permeability to be negligible, meaning that
the aggregate does not behave as a porous material. In Section 8.6 we will
revisit this assumption, and confirm that porosity is negligible for the
aggregates used in this study. We will discuss the modifications to the
equations needed if tissue porosity becomes important.

The dissipative forces have several origins: (1) the viscous deformation
of the aggregate as it penetrates into the pipette, fv, (2) the friction of the
aggregate sliding over the micropipette wall, fw, and (3) the viscous dissi-
pation due to the flow of liquid along the tube connecting the pipette
and the water reservoir, fl . Therefore the total dissipative force, fdiss is

fdiss5 fv 1 fw 1 fl : (8.8)

fv 5CvπηRpv, where η is the viscosity of the cell aggregate, results
from the rearrangement of the cells with respect to one another at the
entrance of the micropipette. The numerical factor Cv has been calculated

204 Karine Guevorkian et al.



analytically for the entrance of a viscous liquid inside an orifice and shown
to be: Cv 5 3π [58]. The validity of this coefficient for a cylindrical capil-
lary has been verified experimentally by studying the dynamics of extrac-
tion of a viscous oil through a nonadhesive capillary [59].

Now let us consider the dissipation caused by the sliding of the aspi-
rated tongue on the micropipette with a friction coefficient k. The fric-
tion force is given by fw 5 2πRpkLv, which depends on the length L of
the aspirated tongue. For L much larger than the critical length Lc 5

3πη
2k ,

fw dominates over fv, leading to LBt2, whereas when L{Lc, LBt. We
have estimated k and Lc by aspirating an aggregate entirely inside a pipette
at a constant suction pressure ΔP and measuring its advancement speed v.
Once the aggregate is completely inside the pipette, ΔPc 5 0 and fv 5 0,
therefore from 3 we obtain

πR2
pΔP5 2πRpkL

�v; (8.9)

where L� is the length of the aggregate slug inside the micropipette. For
the case where the micropipette surface is rendered nonadhesive, for
example, through PEG-PLL coating, we obtain k � 108 Pa s/m. Taking
the value of η � 105 Pa s, LcB5 mm21 cm. Because the length of the
tongue in our experiments does not exceed a few hundreds of micro-
meters, fw is negligible compared to fv. This is confirmed by the observa-
tion of a constant v (LBt) over the duration of our experiments, as
mentioned above.

In the absence of aggregate permeability, the dissipation due to viscous
liquid flow inside the tube induced by the aggregate motion is given by

fl 5 8πηl ltv3
Rp

Rt

� �4
, where lt and Rt are the length and the radius of the

tube, respectively. The critical tube length above which the effect of fl

becomes important is l�t 5
3π
8

η
ηl

Rt
Rp

� �4
Rp. In our experiments,

Rp=Rt � 0:1, 20,Rp, 50 μm, and ηl51023 Pa s. Taking η � 105 Pa s
[60], l�t � 107 m, meaning that for cellular aggregates where ηcηl , fl is
negligible.

Therefore the relevant dissipation only occurs at the entrance of the
micropipette, yielding the following relationship for the viscosity η:

η5
RpðΔP2ΔPcÞ

3πv
: (8.10)
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8.3.4 Rheological models for aggregate flow into the
capillary
As mentioned above, the cell aggregates behave like a viscoelastic solid at
short times, and like a viscous liquid at long times, as can be seen from
the creep curve shown in Fig. 8.2C. To combine these two regimes, we
use a modified Kelvin�Voigt model as shown in Fig. 8.2C(i) consisting
of a Kelvin�Voigt body built by two springs with constants k1 and k2
and a dashpot with constant μ1, connected in series to a dashpot with
constant μt. This four-element system accounts for three regimes: a very
fast, purely elastic response seen as a jump at the beginning of the experi-
ment, a viscoelastic solid-like behavior, and a long-term fluid flow. The
displacement LðtÞ of the tongue is given by

LðtÞ5 f
k1

12
k2

k11 k2
e2t=τc

� 	
1

f
μt

t: (8.11)

The first term represents the viscoelastic solid behavior. At t-0, there is
a fast elastic jump given by f =k11 k2, then after a characteristic time
τc 5

μ1ðk1 1 k2Þ
k1k2

the deformation reaches a value δ5 f =k1. The second term
describes the viscous flow characterized by a constant velocity v5 f =μt. We
can express these mechanical parameters in term of E and η, using Eq. (8.3)
with Eqs. (8.6) and (8.10), leading to k15πRpE and μt 5 3π2Rpη.
Similarly, μ15πRpηc and τc describe the cell-scale viscoelasticity. Another
relevant timescale is the one describing the transition of the tissue from the
elastic regime to the viscous regime, which is given by τ5μt=k15 3πη=E.

As discussed in Section 8.3.1, Eq. (8.11) is only valid for ΔP.ΔPc in
which the length L refers to the aspirated tongue, excluding the hemi-
spheriacal cap (see Fig. 8.2A). However, the experimentally measured
length, Lexp, includes the hemospherical cap of radius Rp as shown sche-
matically in Fig. 8.2A. Therefore, in order to employ Eq. (8.11) to adjust
the data, we should apply the correction L5Lexp2Rp, as shown for the
data in Fig. 8.2D. The aspiration dynamics for ΔP#ΔPc will be dis-
cussed below. It will be shown that in this regime, we reach a maximum
deformation δ5Rp for ΔP5ΔPc. On the other hand, we see that when
ΔP5ΔPc from Eq. (8.11) we get Lexp5Rp, satisfying the continuity
condition between the two regimes.

For simplicity, Eq. (8.11) can be written as the following:

LðtÞ5 δ 12κe2t=τc
� �

1 vt; (8.12)
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where κ5 k2
k1 1 k2

. The viscoelastic parameters are obtained at each aspira-
tion pressure by adjusting Eq. (8.12) to the aspiration and retraction curves
with the following corrections:

Lasp5Lexp2Rp;
Lret 5Lmax 2Lexp;

(8.13)

where Lmax is the maximum length of the aspirated tongue, just before
the pressure is set back to zero, as shown in Fig. 8.2E.

If the cellular relaxation parameters, τc and μ1, are not sought, the first
rheological model in Fig. 8.2C(i) can be simplified to a Maxwell liquid
model Fig. 8.2C(ii), consisting of a dashpot with constant μt in series with
a spring, with spring constant k1. This amounts to fitting a line to the lin-
ear viscous regime as shown with the dashed blue line in Fig. 8.2C�E.
From the slope v, and intercept δ, the viscosity and the elasticity can be
deduced, as explained in Section 8.3.5.

Small ΔP regime
Let us now investigate the response of the aggregate when the aspiration
pressure is smaller than the critical pressure ΔPc. In this case, the resisting
capillary force is smaller than that in the large pressure regime,
fc ,πR2

pΔPc. By applying Laplace’s law to an aggregate aspirated by a
length L5 δ,Rp, we obtain

fc 5πR2
p 3 2γ

2δ
δ21R2

p

2
1
R0

 !
: (8.14)

Assuming R0cRp, Eq. (8.14) can be linearized in two limiting cases: (1)
δ{Rp, leading to fc � 4πγδ, and (2) δ � Rp, leading to fc � 2πγRp. In
both limits, the capillary force fc is proportional to the deformation δ, suggest-
ing that it can be represented by a (nonlinear) spring. To investigate the aspira-
tion dynamics in this regime, we thus adopt the simple rheological model
shown in Fig. 8.2F. Here, we add a spring of constant kc, accounting for the
restoring nature of the capillary effect, to our simplified Maxwell model for the
tissue. Note also that, because in this regime the capillary resistance is included
in the rheological model via the additional spring kc, the force acting on the
system is the total aspiration force, fa5πR2

pΔP. The solution for this model is

δðtÞ5 fa
kc

12
k1

kc 1 k1
e2t=τ�c

� 	
; (8.15)
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where τ�c 5
μtðk1 1 kcÞ

k1kc
is the characteristic time for the relaxation of elastic

response. This analysis shows that for small aspiration pressures, the system
will reach a finite deformation δe 5 fa=kcBΔP=γ, up to a maximum value
δe5Rp for ΔP5ΔPc, beyond which the aggregate will flow at long
time.

8.3.5 Rheological parameters for murin sarcoma cell
aggregates
Here we will show the application of the above procedure to characterize
the mechanical properties of S180 murin sarcoma cellular aggregates. The
aspiration pressures used for these aggregates were between 1 and 3 kPa.
In Fig. 8.2D�E we show an example of an aspiration and retraction cycle
for ΔP5 1176 Pa. The red dashed lines correspond to the adjustment of
Eq. (8.12), with the corrections given by Eq. (8.13) accounted for. The
blue dashed lines correspond to the simplified Maxwell model. We use
the values of va and vr , the flow rates during aspiration and retraction,
respectively, to estimate the surface tension as follows. From Eq. (8.10),
we have

va5
RpðΔP2ΔPcÞ

3πη

vr 5
RpΔPc
3πη

: (8.16)

From this set of equations we can obtain ΔPc as

ΔPc 5ΔP3
vr

va1 vr
: (8.17)

For the specific set of experiments presented in Fig. 8.2D�E, we
obtained ΔPc 5 690 Pa. This pressure is significantly larger than the criti-
cal pressure that we would obtain from Laplace’s equation, Eq. (8.4), with
γ05 6 mN/m (ΔPc05 300 Pa). This suggests that γ has increased as a
function of the applied pressure, ΔP. Indeed, Fig. 8.2G shows that the
measured γ systematically increases as the applied force increases. We can
estimate the surface tension of an aggregate at rest by extrapolation of the
linear regression to the data, which gives γ0 5 6 mN/m. This result is in
agreement with the surface tension estimate that we obtain from measur-
ing the critical Laplace pressure, as well as with the values reported for
compression plate experiments [38]. We assume that the change in the
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surface tension could be due to active responses of cells to the applied force.
We will see in the next section that in certain aspiration conditions, this activ-
ity becomes directly observable. For comparison, in the case of an inert liquid,
like an oil droplet, γ would not depend on the aspiration pressure.

Next, we investigate the dependence of the flow rate on the applied
stress, σ. Note that during aspiration, σ5 ðΔP2ΔPcÞ, and during retrac-
tion σ5ΔPc. As can be seen in Fig. 8.2H, v has a linear relationship with
Rσ, in agreement with Eq. (8.10), where the slope yields 1=ð3πηÞ. The
average value of the viscosity is η5 ð1:96 0:3Þ3 105 Pa s.

An alternative way of deriving the viscosity, η, is by eliminating ΔPc

in Eq. (8.16), which gives the following relationship between viscosity
and the flow rates:

η5
RpΔP

3πðva1 vrÞ : (8.18)

For example, for the experiments in Fig. 8.2D�E, η5 2:43 105 Pa s.
We emphasize that in both of the proposed approaches to estimate η,
ΔPc is assumed not to change between the linear regimes of the aspiration
and retraction curves.

The elastic modulus, E, can be obtained from the deformation δ,
defined as the intercept of the linear flow regime and the vertical axis (see
Fig. 8.2C�E). δ is related to the applied elastic stress by σe 5Eδ=Rp. The
stress during aspiration is σ5σe5ΔP2ΔPc, whereas during the retrac-
tion, the net elastic stress is σe 5ΔP. Indeed, upon release of the applied
aspiration pressure, the spring of constant k1 is prestressed. Therefore the
net change in elastic stress when the aspiration pressure is removed is
σe5ΔPc 2 ðΔP2ΔPcÞ5ΔP. Therefore we have

δa5
RpðΔP2ΔPcÞ

E
;

δr 5
RpΔP
E

;
(8.19)

where δa and δr are the magnitudes of the deformation for aspiration and
retraction curves, respectively. Fig. 8.2I shows the normalized δ, as a func-
tion of stress, where the inverse of the slope gives the average value
E5 13006 150 Pa.

As shown in Fig. 8.2B, τt 5 δ=v is obtained by the x-axis intercept
of the linear fit to the experimental curve. Our estimated values
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are τat 5 29006 1100 and τrt 5 17006 450 seconds, obtained from
the aspiration and the retraction curves, respectively. Using
Eqs. (8.16) and (8.19), we find τ5 3πη=E5 τat 5 29006 1100 and
τ5 τrt 3 ðΔPc=ΔPÞ5 12006 200 seconds. We thus notice a discrep-
ancy between the τ obtained from the aspiration and retraction
curves. However, on average we can estimate that the tissue relaxa-
tion time is of the order of few tens of minutes.

In summary, in this section we showed that cellular aggregates flow
inside a cylindrical capillary like a viscoelastic liquid droplet when the
applied pressure is in the range of 1�3 kPa. We then developed a
mechanical model with two characteristic time scales; one at the cellular
level, τc 5μ1=k1 � ηc=EB1002 200 seconds, and one at the tissue level,
τ5 3πη=E5 256 10 minutes. The active response of the cells to the
applied stress manifests itself in an increase of the effective surface tension.
In the next section, we will further explore active cellular responses to an
external stress.

8.4 Active response of cellular aggregates to
mechanical stimuli

As discussed in the previous section, the active response of an aggregate
to an external stress globally manifests itself with an increase of the effective
surface tension. In this section, we explore the behavior of aggregates of
smaller sizes in response to aspiration pressures that are weaker than previously
explored. As will be demonstrated, in these specific conditions, we observe
concrete signs of cellular mechanosensitivity, leading to pulsation of the
aggregates. We present an analytical model that shows how these pulsations
can be attributed to the active response of cells to stretching.

8.4.1 Aggregate pulsation or shivering
For pressures ranging between 500 Pa #ΔP, 1500 Pa, applied to aggre-
gates measuring between 70� and 150 μm in radius, we observe unex-
pected pulsatile behavior of the aggregates that we call shivering [54]. This
pulsatile behavior is suppressed when the aggregates are treated with
10 μM blebbistatin, which inhibits myosin II activity responsible for cell
contraction, reinforcing the assumption that shivering originates from
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cellular activity. The kymograph in Fig. 8.3A shows that, as the aggregate
is aspirated inside the pipette, random contractions are detected inside the
aspirated tongue. A careful observation of the kymograph reveals that, in

Figure 8.3 Shivering of a cellular aggregate under aspiration. (A, B) Kymograph
showing the advancement LðtÞ of the aggregate inside the pipette as a function of
time, for an aggregate of R0 5 70 μm and Rp 5 37 μm, at a pressure of ΔP5 500 Pa.
(C) Tracking of the leading edge of (B), where a is the amplitude of the large contrac-
tions, and Tsc and Tlc are the periods of the small and large contractions, respectively.
(D) One-dimensional model of aggregate shivering. Each cell is represented as a
Kelvin�Voigt element to model the viscoelastic response of the cell. The viscous
flow of the tissue is modeled by periodically adding one cell to the left end of the
chain. (E) Aspiration curves predicted by the one-dimensional model for parameter
values corresponding to a typical experiment (F̂p 5 0:5, N5 15). The active cell
response is characterized by F̂m 5 0:5, Ecrit 5 0:5, h5 100, and τ̂s 5 0:25. The black
curve corresponds to the position of the rightmost cell edge, XN , and the gray curves
correspond to the other cell edges along the chain. (F) Aspiration curves for the
same parameter values but periodically increasing the number of cells to account for
the viscous aggregate flow. The computation is started with N5 5 and one cell is
added at the left end every 6 unit times, corresponding to the experimental observa-
tion that τflow � 6τc. The final number of cells is N5 15, as in the previous plot. (G)
For similar aspiration conditions as in (A), with ΔP5 785 Pa, the inhibition of Myosin
II activity by blebbistatin treatment suppresses the shivering behavior and makes the
aggregate more fluid. Images (A�F) are reproduced from K. Guevorkian, D. Gonzalez-
Rodriguez, C. Carlier, S. Dufour, F. Brochard-Wyart, Mechanosensitive shivering of model
tissues under controlled aspiration. Proc. Natl. Acad. Sci. U.S.A. 108 (33) (2011)
13387�13392 with permission.
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some cases (shown with asters in the figure), these contractions are global,
meaning that they are concomitant with a contraction in the aggregate
body outside of the pipette. Other contractions are local, detected either
in the tongue or in the body (shown with triangles).

To characterize these contractions, we develop an edge detection rou-
tine applied to the kymograph to determine the position of the advancing
tongue inside the pipette as a function of time, as shown in Fig. 8.3B and
C. We categorize two groups of contractions: (1) large contraction
when the amplitudes is larger than 3 μm, (2) small contraction with
amplitude � 1 μm. For large contractions, we find a monotonic decrease
of the amplitude from a � 5 μm for ΔP5 500 Pa, down to
a � 12 2 μm as the aspiration pressure increases to ΔP5 1200 Pa. For
each aspirated aggregate, we observe a few large contractions with period
500 seconds ,Tlc , 1000 seconds, and many small contractions with a
period of Tsc � 200 seconds. We note that these aggregates have a
ΔPc � 2002 300 Pa, corresponding to γ0 � 5 mN/m. For low aspiration
pressures too close to ΔPc, contractions are difficult to observe, because
the aggregate barely enters the pipette, and for high ΔP. 1200 Pa
the amplitude of contraction becomes very small. Indeed, we did not see
shivering for the experiments described in the previous section, where the
aspiration pressures were larger than this threshold. In the following,
we present a model to interpret these observations.

8.4.2 Model of delayed cell contraction
Our proposed model to interpret aggregate pulsation combines the visco-
elastic behavior of a group of cells with a time-delayed active response.
The latter hypothesis was inspired by a theoretical model previously
developed to explain collective cellular oscillations during the dorsal clo-
sure in Drosophilla embryo [8]. Conveniently, in our system, the cells are
confined in the cylindrical geometry of the micropipette tip, and subject
to a unidirectional force, along the axis of the micropipette, which allows
us to simplify the analysis to one dimension. Therefore to build our active
mechanical model, we will simply analyze the response of a row of cells
to a force applied to an imaginary pipette of radius Rc, equivalent to a cell
radius, leading to Fp5πR2

c ðΔP2ΔPcÞ, as shown schematically in
Fig. 8.3D. Here, we represent each cell as a Kelvin�Voigt element, with
a spring constant kc 5πRcE, and a dashpot of constant μc 5πRcηc. The
applied force Fp stretches the cells along the array. If cell deformation
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surpasses a critical strain εshiv, the cell will switch on an active contraction
force Fm. Activation of this contraction force is not instantaneous, but
rather it will occur after a time delay τs from the time when εshiv is sur-
passed. This strain-dependent response can be expressed as

FsðtÞ5 0 if εðt2 τsÞ # εshiv
Fm if εðt2 τsÞ . εshiv;

�
(8.20)

where FsðtÞ is the contractile force that a cell exerts at time t when it has
been strained by ε at time ðt2 τsÞ. The corresponding continuum
description is

τc
@ε
@t

1 ε5
Fp2Fs

2kcRc
: (8.21)

where τc 5 ηc=E is the viscoelastic relaxation time of a cell. Integration of
Eq. (8.21) yields

εðt̂Þ5 F̂p 12 e2t̂
� �

1 εce2t̂ 2 e2t̂
ð t̂
0
F̂mHðεðτ̂2 τ̂sÞÞeτ̂dτ̂; (8.22)

where H is the Heaviside function and the hat symbol, ^ , indicates quantities
that are nondimensionalized using τc as the unit time and 2kcRc as the unit
force. To simplify the writing, the hat symbols are omitted in what follows.

In this model, the shivering oscillations arise because of the active contrac-
tility switching alternatively on and off and making the cell deformation
oscillate around εshiv. Because the constitutive equation is linear, the oscilla-
tion period Tsc is divided into a half period over which the active force is on
and the cell contracts, and a half period over which it is off and the cell
expands. To obtain the equation for εðtÞ, we evaluate the integral in
Eq. (8.21) taking as an initial condition εðt5 0Þ5 εshiv. For 0, t, τs, that
is, before the active contraction force is switched on, Eq. (8.22) reduces to

εðtÞ5Fpð12 e2tÞ1 εce2t : (8.23)

For t. τs, the contractile force is switched on. As a result, if contrac-
tion is sufficiently strong, cell deformation decreases, and eventually
becomes again smaller than εshiv. This occurs at t5Tsc=2. Therefore at
the time Tsc=21 τs, the contraction force eventually switches back off.
Integration of Eq. (8.22) for τs, t,T=21 τs yields

εðtÞ5Fpð12 e2tÞ1 εce2t 2Fmð12 e2 t2τsð ÞÞ: (8.24)
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Finally, we consider the time Tsc=21 τs, t,Tsc , when the active
contraction is switched off. Integration of Eq. (8.22) yields

εðtÞ5Fp 12 e2tð Þ1 εce2t 1
Fm 12 eτsð Þ
εc 2 Fp1Fm

e2 t2τsð Þ: (8.25)

The oscillation period Tsc is obtained by imposing that at the end of
the period the cell recovers its initial deformation, that is, ε t5Tscð Þ5 εc.
Returning hereafter to dimensional variables, we obtain the following
relationship between the contraction period Tsc and the delay time τs:

eTsc=τc 5 11
eτs=τc eτs=τc 2 1

� �
αð12αÞ ; (8.26)

where α has been defined by expressing the aspiration force as
Fp5Fshiv 1αFm, where Fshiv 5 2kcRcεshiv corresponds to the critical pres-
sure required for shivering. We note that oscillations only arise if
Fshiv ,Fp ,Fshiv 1Fm, which corresponds to 0,α, 1. Experimentally,
we find that shivering happened when 500 Pa ,ΔP, 1200 Pa. Taking
ΔPc � 300 Pa gives us the range of Fp

πR2
c
� 2002 900 Pa. This range is

compatible with our model if we set Fshiv
πR2

c
5 ð2001 900Þ=2 Pa and

Fm
πR2

c
5 ð9002 200Þ=2 Pa, which yields εshiv � 0:3 and Fm � 0:1 μN. The

amplitude of the oscillations is the difference between the maximum and
the minimum of εðtÞ given by Eqs. (8.24) and (8.25):

Δε5
Fm

2kcRc
12 e2τs=τc
� �

: (8.27)

Experimentally, 2RcΔε � 2 μm. According to Eq. (8.27) and taking
Rc � 15 μm and τc � 200 seconds this corresponds to a delay time
τs � 40 seconds. Finally, Eq. (8.26) with α � 1=2 yields Tsc � 150 seconds.

To afford a visual comparison between the predictions of this model
and the experiments, we numerically simulate the behavior of a string of
cells aspirated in a micropipette. Each cell in the string was modeled as a
Kelvin�Voigt element. Additionally, each cell exhibits an active delayed
contractility, as described by Eq. (8.20). The simplest numerical simulation
considers a fixed number of cells inside the pipette (Fig. 8.3E). Shivering
arises if the applied aspiration pressure is large enough to bring cell
stretching beyond the contractility threshold, but not too large, so that
with contractility forces on, cell stretching is reduced below the threshold,
thus switching contractility off again. The period of such oscillations is
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proportional to the delay time τs. With a fixed number of cells in the
pipette, our model predicts regular oscillations, which we interpret to cor-
respond to the frequent small contractions in the experiment, of period
Tsc 5 4τs � 200 seconds.

The observed large contraction could be explained by considering syn-
chronous contractions of several cells, which could be associated with cell
reorganizations due to aggregate flow into the pipette. Thus we have con-
sidered a modified version of our numerical model where the number of
cells inside the pipette increases over time due to aggregate flow, shown in
Fig. 8.3F. Cell flow into the pipette induces heterogeneities in the oscilla-
tion pattern, yielding a simulated kymograph that more closely resembles
the experimental one. In our experiments, we have noticed that shivering
is more frequent in smaller size aggregates. This might be related to the
ratio of the deformed volume of the aggregate body BR3

p to the total vol-
ume. A more systematic study should addressee this hypothesis. We also
observe that interfering with myosin II activity, by 10 μM blebbistatin
treatment, suppresses the contractions, and also makes the aggregate flow
easier, as can be seen in the kymograph shown in Fig. 8.3G.

8.5 Permeability of cellular aggregates

Interstitial flow plays an important role in tissue morphogenesis,
function, and pathology [61]. It is most prominently linked to the drain-
age of blood plasma leaking from capillaries toward lymphatic vessels.
Interstitial flow occurs through the extracellular matrix. In tissues with lit-
tle extracellular matrix or in model tissues lacking an extracellular matrix,
interstitial flow is controlled by permeability at the intercellular junctions,
which depends on the strength of intercellular adhesions.

Cellular aggregate permeability can be characterized by microfluidics. By
placing a cellular aggregate in a specially designed chamber in a microfluidic
channel, as sketched in Fig. 8.4A, an interstitial flow can be imposed through
it. The aggregate permeability can be quantified by assuming the aggregate to
behave as a porous medium following Darcy’s law, that is,

Q5
ΔP
Rh

; (8.28)
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where Q is the flow rate through the aggregate for an imposed pressure
difference ΔP, and Rh 5 ηlL=ðKaAÞ is the aggregate’s total hydrodynamic
resistance, which depends on the medium fluid viscosity ηl , the aggre-
gate’s length along the flow direction L and cross-section A, and the
aggregate’s intrinsic permeability Ka. By imposing Q and measuring ΔP
or vice versa, the intrinsic permeability can be determined.

In practice, experimental difficulties may prevent the realization of the
setup in Fig. 8.4A. Tran et al. [62] attempted to realize this setup by
imposing a flow rate through the aggregate using a syringe pump, and by
measuring the resulting pressure difference across the aggregate by means

Figure 8.4 Permeability of cellular aggregates. (A) Principle of characterization of
aggregate permeability in a microfluidic channel and (B) usage of a side channel to
prevent experimental artifacts. The practical realization of this idea is shown in (C),
with dimensions in micrometer. (D, E) Experimental images of the measurement of
permeability of a MCF-7 cellular aggregate in a microfluidic channel. A fluorescent
tracer has been used to visualize the advancement of the flow through the aggre-
gate, which goes from left to right. The scale bar corresponds to 200 μm. (F)
Experimental measurement of the intrinsic permeability of a MCF-7 cellular aggre-
gate, Ka, in the microfluidic system shown in (C). The intrinsic permeability of the
side channel is here Ks 5 1:973 10210 m2. In this experiment, aggregate fracture
occurs at t � 1200 seconds, as indicated by the sudden drop of the pressure differ-
ence, causing Ka to increase. Images (C�F) are reproduced from Q.D. Tran, M. Marcos,
D. Gonzalez-Rodriguez. Permeability and viscoelastic fracture of a model tumor under
interstitial flow. Soft Matter 14 (2018) 6386�6392 with permission from the Royal
Society of Chemistry.
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of a manometer. Due to the low permeability of the MCF-7 breast cancer
cell aggregates used in their study, which would require to impose a very
small flow rate, the setup proved impractical. To overcome this difficulty,
they proposed an alternative setup with a narrow side channel parallel to
the aggregate chamber, as sketched in Fig. 8.4B and C. The side channel
permeability is carefully chosen to allow sufficient continuous flow for
proper operation of the system while at the same time not overshadowing
the permeability of the sample. Using this setup, an aggregate permeability
Ka5 ð86 5Þ3 10213 m2 was measured, as shown in Fig. 8.4F [62]. The
large standard deviation reflects significant variability both between sam-
ples and over time, as well as a measurement uncertainty introduced by
the permeability of the side channel. We also note that the permeability is
associated with a characteristic length

ffiffiffiffiffi
Ka

p � 1 μm, comparable to the
intercellular distance within the aggregate.

The picture of aggregate permeability as that of a porous medium gov-
erned by Darcy’s law is a highly simplified one. In reality, aggregate
deformation induced by flow will modify its permeability, as suggested by
the experimental images in Fig. 8.4D and E. At moderate flow rates, per-
meability increases due to viscoelastic deformation, whereas larger flow
rates induce the formation of cracks through the aggregate that highly
permeabilize it. This latter phenomenon is known as “aggregate fracture”
under flow. MCF-7 aggregates of a few hundred micrometers in size frac-
ture under flow pressures of the order of 500 Pa [62,63]. We note that in
this setup aggregate flow is prevented due to strong adhesion to the
device walls, here treated with fibronectin. This differs from the micropi-
pette experimental system, where the pipette walls are rendered nonadhe-
sive. This is why pressure values of about 500 Pa do not induce fracture
in the micropipette experiment. When discussing aggregate fracture, we
must also keep in mind that the meaningful fracture threshold is pre-
scribed by the intercellular adhesion energy, G. Indeed, it can be shown
that the aforementioned pressure threshold is linked to an intercellular
adhesion energy of the order of G � 1022 J m22, a value that has been
reported for aggregates of different cell lines [36,62]. A simple relationship
between pressure threshold ΔPfrac and adhesion energy G can be written
for fast loading, under which the aggregate behaves elastically. In this case,
GBΔPfracðLfrac 2L0Þ5ΔP2

fracL0=E. With L0 � 100 μm and E � 1 kPa,
this simplified equation explains the relationship between the orders of
magnitude of ΔPfrac and G. Future work is still required to fully character-
ize aggregate permeability. Open questions are the dependence of aggregate
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permeability on deformation, the respective roles of intercellular adhesion
energy and of the extracellular matrix, and a theoretical modeling of aggre-
gate permeability experiments that includes poroelastic effects [64].

When studying a permeable sample, the equations describing micropi-
pette aspiration discussed in Section 8.3.3 may need modification. Indeed,
for a permeable aggregate, the flow velocity of the medium inside the
pipette will no longer be equal to the velocity v of advancement of the
aggregate tongue, as was stated in Section 8.3.3 for an impermeable
aggregate. Rather, the medium flow velocity will scale as
vlBKaΔP=ðηlLÞ, where L is the length of the aspirated tongue. The ratio
between the viscous dissipation due to aggregate deformation, fv, and vis-
cous dissipation due to flow of medium, fl , yields a new critical length,
L

0
c 5 8KaR2

p lt=R
4
t . Permeability effects can be neglected if L{L

0
c. For a

typical cellular aggregate permeability Ka , 10212 m2 in the experimental
conditions described in Section 8.3.3, we obtain L

0
c . 1 m, which justifies

neglecting permeability effects when studying cell aggregate viscoelasticity.
We emphasize that L{L

0
c means that the total aspiration pressure exerted

on the aggregate is not affected by permeability, but it does not preclude
the existence of interstitial flow, vl . v. The condition for interstitial flow
velocity to be significant compared to aggregate deformation speed is
L.Lperm5 ðKaηÞ=ðRpηtÞ. When L±Lperm, part of the aspiration force is
exerted on the aggregate as a shear stress of the interstitial fluid, which
may yield to different physics of tissue deformation. In our experimental
conditions, Lperm � 1 m and this effect is again negligible.

If the aggregate is sufficiently permeable, interstitial flow could be
measured in the micropipette experiment by tracking the motion of debris
downstream of the aspirated tongue. This would provide an estimate of
the interstitial flow speed vl , which is expected to depend on the aspirated
length L. By measuring Δv5 vl 2 v as a function of L, intrinsic perme-
ability Ka can be deduced by fitting the equation

1
Δv

5
ηl

KaΔP
ðLa 1LÞ; (8.29)

where La is an unknown constant accounting for the hydraulic resistance
contributed by the aggregate body outside the pipette. Eq. (8.29) assumes
the aggregate’s permeability Ka to be a constant, independent of the
aggregate’s deformation. An alternative hypothesis, which can be tested
experimentally, is that Ka increases with increasing ΔP due to increasing
elastic deformation, that is, a poroelastic effect.
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8.6 Conclusions and perspectives

In this chapter, we studied the flow of cellular aggregates into
capillaries. Under constant stress conditions, the flow dynamics reveal the
viscoelastic liquid behavior of these model tissues. At short time, we
observe a fast deformation regime related to an elastic response. At long
time, the tissue flows at a constant speed, thus behaving like a viscous liq-
uid. We developed a methodology to extract elastic and viscous coeffi-
cients, as well as an effective surface tension, from the information
contained in the aspiration and relaxation curves at constant pressure. In
this description we consider the aggregates to be impermeable, a condi-
tion that is satisfied in our experiments but that may not always be valid.
To address this question, we present a microfluidic system that allows
measuring the permeability of cell aggregates and tissue explants.
Microfluidic experiments confirm that permeability effects are negligible
in our micropipette experiment conditions. However, porosity can be
important in other tissue types and play a crucial role in their function, as
has been observed recently in the case of cancer tumors [31]. We have
thus discussed how to analyze micropipette aspiration experiments of tis-
sues with significant permeability.

To address the increasing interest in understanding the role of rheol-
ogy in morphogenesis and disease [19], the approaches developed in this
chapter can readily be applied to embryonic tissues. In a recent study,
micropipette aspiration has been applied to explants of Xenopus embryos
at the gastrulation stage, in order to investigate mechanical differences
between ectoderm and mesoderm tissues and to correlate tissue mechanics
to acto-myosin activity [65]. A similar approach has been used to put in
evidence that bacterial aggregates of Neisseria meningitidis actively modulate
their rheological properties to increase their colonization efficiency into
narrow capillaries [66].

Besides rheological measurements, the pipette system allows explora-
tion of tissue mechanosensitivity under controlled external stress. In the
example discussed in this chapter, the active nature of a cellular aggregate
reveals itself as pulsatile contractions both at cellular and multicellular
scales. Strikingly, pulsation only arises over a limited range of moderate
external stress, whereas at larger stress the tissue contracts permanently.
Then, activity manifests itself less conspicuously, as a change of the appar-
ent rheological properties of the tissue. Combined with confocal
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microscopy, mechanisms of tissue intercalation can be studied when a
controlled external stress is applied through micropipette aspiration, as has
been used to study the role of growth factors such as FGF on vertex for-
mation in mouse embryonic limb bud ectoderm [67].

The micropipette aspiration technique has been widely used in the
past several decades for studies on single cells and biomimetic systems,
such as giant unilamellar vesicles. However, its application to living tissues
is at its dawn. The few examples discussed here show its potential for
application to multicellular systems, ranging from in vitro cellular aggre-
gates to organoids, embryonic tissue explants, and even in vivo tissues.
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