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ABSTRACT

The micro-pipette aspiration technique is a classical experiment used to characterize the physical prop-
erties of inert fluids and biological soft materials such as cellular aggregates. The physical parameters of
the fluid, as viscosity and interfacial tension, are obtained by studying how the fluid enters the pipette
when the suction pressure is increased and how it relaxes when the suction pressure is put to zero. A
mathematical model representative of the experiment is needed to extrapolate the physical parameters
of the fluid-like matter; however, for biological materials as cells or cell aggregates mathematical models
are always based on strong starting hypotheses that impact the significance of the identified parameters.
In this article, starting from the bi-constituent nature of the cell aggregate, we derive a general mathe-
matical model based of a Cahn-Hilliard—-Navier-Stokes set of equations. The model is applied to describe
quantitatively the aspiration-retraction dynamics of a cell-aggregate into and out of a pipette. We demon-
strate the predictive capability of the model and highlight the impact of the assumptions made on the
identified parameters by studying two cases: one with a non-wetting condition between the cells and
the wall of the pipette (classical assumption in the literature) and the second one, which is more realis-
tic, with a partial wetting condition (contact angle 6 = 150°). Furthermore, our results provide a purely
physical explanation to the asymmetry between the aspiration and retraction responses which is alter-
native to the proposed hypothesis of an mechano-responsive alteration of the surface tension of the cell
aggregate.

Statement of significance

Our study introduces a general mathematical model, based on the Cahn-Hilliard-Navier-Stokes equa-
tions, tailored to model micro-pipette aspiration of cell aggregates. The model accounts for the multi-
component structure of the cell aggregate and its intrinsic viscoelastic rheology. By challenging prevail-
ing assumptions, particularly regarding perfect non-wetting conditions and the mechano-responsive al-
teration of cell surface tension, we demonstrate the reliability of the mathematical model and elucidate
the mechanisms at play, offering a purely physical explanation for observed asymmetries between the
aspiration and retraction stages of the experiment.
© 2024 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Mechanical cues contribute to the regulation of a wide range
of processes in living systems at different spatial scales [1]. At
the molecular scale, mechanobiology aims at deciphering the un-
derlying mechanisms associated to the way cells sense and adapt
to the forces exerted by their neighbors through the reinforce-
ment or weakening of adhesive interactions (in the case of catch-
and slip-bonds respectively) or to the signals from the surround-
ing matrix by the alteration of specific biochemical pathways. At
the cellular level, shear, stretch, compression, osmotic shock im-
pact the fate of cells, including apoptosis or differentiation, as well
as their proliferation, migration, or adhesion. Finally, at the tis-
sue level, externally-applied or internally-generated cues within a
tissue such as a spheroid or organoid may direct embryo mor-
phogenesis, cell escape from tumors, and tissue shaping. To apply
perturbations in a controlled manner and/or quantitatively assess
the forces at play, numerous methodologies and instruments have
been developed in the last decades [2,3]. Optical tweezers, mag-
netic tweezers, single particle tracking rheometry, Atomic Force
Microscopy (AFM), Biomembrane Force Probe (BFP) were mostly
used in molecular and sub-cellular mechanobiology. At the cellu-
lar level several techniques based on microfabricated pillars, mi-
croplate rheometry, AFM, single cell micropipette aspiration and
magnetic twisting cytometry provide a wealth of information on
cellular mechanobiology. At the multicellular scale, tissue surface
tensiometry, which yields the surface tension of a multicellular
spheroid squeezed between plates [4] and micropipette aspiration
(MPA) [5], which consists in partially aspirating a multicellular as-
sembly inside a glass capillary [6,7] are the most employed meth-
ods. Historically, the MPA technique was first proposed as a “cell
elastimeter” in 1954 [8] before being popularized in particular by
E. Evans to measure the shear modulus and membrane viscosity of
red blood cells [9], bending rigidity elastic modulus, water perme-
ability and lysis tension of lipid membranes [10,11], cortical ten-
sion and apparent tension of granulocytes [12]. From these exper-
iments on individual lipid vesicles and cells using the same tech-
nique but different experimental procedures (e.g. time-dependent
versus steady state) and analyses based on a preliminary knowl-
edge of the cell material, a variety of physical parameters could be
derived. The MPA approach was then extended to multicellular as-
semblies [6] like tumor spheroids [13-15], or blastocysts [16]. In
the case of blastocysts, MPA can be seen as a single cell mechan-
ical assay since only one protruding cell in connection with the
other cells of the embryo is probed. By contrast, spheroids are gen-
erally treated as droplet of soft material in a framework of contin-
uum rheology. In this context, the MPA technique is primarily used
to measure apparent surface tensions and viscoelasticity at multi-
cellular scale. Given the wide range of possibilities to vary experi-
mental conditions (aspiration step, rate, magnitude of aspiration at
steady state, relaxation upon aspiration release), and the selected
phenomenological rheological model chosen, data emerging from
seemingly similar experiments may lead to discrepancies or dif-
ferent interpretations. For instance, on the basis of two previous
works, similar data were interpreted as a force-dependent increase
of surface tension [13] or as a deformation-dependent viscoelastic-
ity [17]. Clearly, a common framework is needed to analyze MPA
experiments on multicellular spheroids.

Mechanistic modeling approaches aiming at modeling the
steady state or aspiration dynamics of the tongue, i.e. the fraction
of tissue that enters the pipette, have been developed to assess
mechanical parameters and analyze the experimental results. How-
ever, despite the relative abundance of modeling approaches ([18]
and references therein), these methods are either analytical with
simple elasticity or viscoelasticity hypotheses or rely on finite el-
ements modelling by treating the cell or aggregate as a homoge-
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neous solid-like or fluid-like material. In our opinion, the lack of
in-depth characterization analysis of the samples’ rheological prop-
erties mostly originates from the fact that heterogeneities at the
scale of the aggregate are not taken into account. The lack of more
consistent modeling approaches has been pointed out in a recent
work [19] where the authors propose a mesoscopic approach to
model the MPA experiment.

In our paper, we propose a mathematical approach that models
the aggregate as a solution consisting of cells and medium in the
cell-cell interstitium. The main validity hypothesis of the model is
that the characteristic size of the cellular aggregate is large enough
relative to the cell size to allow the aggregate to be treated as a
continuum [20]. The behavior of the cell aggregate is assumed to
be intrinsically non-Newtonian and characterized by a viscoelas-
tic rheological model. The model is used to simulate the aspiration
and retraction phase of a multicellular spheroid in a MPA exper-
iment. Comparison between numerical and experimental results
demonstrates that the proposed mathematical model is able to de-
scribe all dominant mechanisms at play during the aspiration and
retraction phases. Our results highlight that the relevance of the
conclusions of existing studies aiming at modeling MPA is strongly
correlated with the assumptions made, which are most often mo-
tivated by the need for simplification. We show in particular that
the assumption of a perfect non-wetting condition between the
cell aggregate and the pipette has a considerable impact on the pa-
rameters identified from inverse modeling of experimental results.
We also provide a physical explanation for the observed asymme-
try between the aspiration and retraction steps that does not re-
quire to assume an active response of the cells, contrary to those
proposed in the literature (e.g. see [13,17]).

The starting hypotheses and the governing and constitutive
equations of the mathematical model are presented in Section 2.
Then Section 3 shows how the mathematical model is imple-
mented to simulate the aspiration and retraction phase of a cell
aggregate. Results are presented and discussed in Section 4. A con-
clusive paragraph, Section 5, summarizes the main outcomes of the
present work.

2. The mathematical model

A cell aggregate continuum has a solid-like behavior at a small
strain level (~10 %) and for relatively short solicitation times
(~seconds) and a fluid like behavior when highly deformed dur-
ing a long period of time (~hours). In our mathematical frame-
work we model the cell aggregate as a solution to account for
its bi-constituent nature (i.e. cells + medium in the cell-cell in-
terstitium). The model is developed within the frame of a Cahn-
Hilliard-Navier-Stokes formulation which allows us to consider
both effects related to cell-cell adhesion energy and to the intrin-
sic cell aggregate visco-elasticity by means of an Oldroyd-B rheo-
logical model. The proposed model is an extended version of the
one some of us have already developed [20] for modeling confined
growth of encapsulated spheroids. Here, by releasing the hypoth-
esis of a negligible convective velocity of the solution, the mo-
mentum conservation equation does not reduce to the hydro-static
case. Consequently, the Cahn-Hilliard system of equations must be
solved in a coupled fashion with Navier-Stokes equations. Addi-
tionally, due to the non-Newtonian behavior of the cell aggregate a
reliable viscoelastic rheological model must be adopted. This mod-
eling approach allows us to take into account that the overall vis-
coelastic response observed experimentally in the initial part of as-
piration (and of retraction) has two counterparts: a structural vis-
coelastic effect that is related to surface tension and a bulk vis-
coelastic effect related to the intrinsic viscoelasticity of the cell ag-
gregate. In the following, we define the bi-constituent system, then
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Fig. 1. Representative elementary volume (REV) for a point within the cell aggregate and in the medium (a); Bulk free energy function adopted in the Cahn-Hilliard model

(b); Oldroyd-B rheological model adopted for the cell aggregate (c).

we present the governing and the constitutive equations in two re-
spective separate paragraphs.

2.1. Definition of the bi-constituent system

The mathematical model is founded on the framework of the
Thermodynamically Constrained Averaging Theory (TCAT) [21]. The
starting hypothesis is that the cell aggregate must be modeled as
a solution consisting of two species: the cell species, ¢, and the
medium fluid species, m, representing the interstitial fluid present
in the interstitium between cells. The solution may contain other
chemical species in minor proportion, as oxygen for instance and
other nutrients, which ensure the viability of the cells. Due to the
relatively small size of the aggregate studied (diameter < 200 pm)
and to the relatively short duration of the modeled experiment (~
5 h) we assume that the cells are well oxygenated in the whole
course of the experiment; this allows us to disregard oxygen dif-
fusion in the numerical simulations. If a representative elementary
volume (REV) of solution is defined, each point of the domain can
be characterized by a certain mass fraction of ¢ and m (Fig. 1a): w,
and wp, respectively. Obviously, the following constraint must be
respected

wWe +wm =1

(1)

If we consider a point in the area external to the cell aggregate,
the mass fraction of the medium species is the unity (wm = 1).
Conversely, if we consider a point within the cell aggregate the
mass fraction of the cell species is > w¢? with w{? the mass frac-
tion of the cells in the cell aggregate at rest.

In the medium zone : w. =0
In the interface zone : 0 < w,
In the cell zone : w; > w{?

<l

(2)
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Each point of the solution is also characterized by a certain
solution velocity, v, and by the diffusion velocities of chemical
species u; (i = ¢, m). The diffusion velocities are the deviations of
species velocities, v;, with respect to the solution velocity

u=Vi—V i=c,m 3)
The following condition holds for diffusion velocities [21]
Z wil; = 0 (4)
i

2.2. Governing equations

Cells may move due to advective transport (related to the solu-
tion velocity v) and diffusive transport (related to its own diffusive
velocity, u;). As a consequence, the spatial form of the mass con-
servation equations of the cell species, using TCAT formalism [21],
reads

at
where p is the solution density and r. is an exchange of mass term
to account for chemical-biological events (e.g. cell division) induc-
ing mass transfer from other species of the solution to ¢ species.
An analogous equation governs mass conservation of the medium
species, m

at
where, as in Eq. (5), r is a source or sink term to account for mass
exchange between species. Since mass created in one species (for
example in the c¢ species due to cell division) has to come from
other species, the following constraint must be respected

+ V- (pocv) + V- (pocuc) —1c =0

+ V. (ponv) + V- (p0nty) —1m =0

re+rm=0

(7)
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Table 1

Summary of the model independent variables.
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Species index  Associated variables Equivalent scalar variables
Cells c ¢, Te, U, Ve 8
Medium m ®m, Tm, Um, Vi 8
Solution - £, P, Y, ty, tyg, b 20
Tot. number of scalar unknowns 36

Summing mass conservation equations of the two species of the
solution (c and m), and accounting for constraints (1), (4) and (7)
give the mass conservation equation of the solution as

3p

T +V.(pv)=0

(8)

The solution behavior has also to obey to its momentum con-
servation equation

Dv

—=V.t+b 9

Dt + 9)
where % = ?T‘t’ + (v- V)v is the total time derivative of the veloc-

ity vector, b is the volumetric force and t is the stress tensor. The
stress tensor, t, consists of the pressure contribution, p, and the
stress contribution related to fluid viscosity: t = —p1 + t,. Due
to the non-Newtonian nature of the cell aggregate, t, consists of
a Newtonian stress counterpart, ty, and a viscoelastic stress coun-
terpart: tyg, t, = ty + tyg . Note that the viscoelastic counterpart
only exists when w¢ > 0.

2.3. Constitutive equations

In the previous subparagraph the equivalent of 16 scalar inde-
pendent equations have been presented:

» The scalar constraint on mass fractions (1).

The definition of the species diffusive velocities (3) (corre-
sponding to 6 scalar equations).

The constraint on the diffusive velocities (4) (corresponding to
3 scalar equations).

The scalar mass conservation equation of cells (5).

The scalar constraint on the reaction terms (7).

The scalar mass conservation equation of the solution (8).

The momentum conservation equation of the solution (9) (cor-
responding to 3 scalar equations).

Note that the mass conservation equation of the medium
species (Eq. (6)) is not included in the previous list, since it can
be obtained combining Eqs. (5) and (8) (in other words it is not
linearly independent).

The total number of independent variables is 36 (Table 1), con-
sequently 20 scalar equations are needed for model closure. These
20 scalar equations correspond to 6 closure relationships which are
reported in the following paragraphs.

The viscoelastic rheological model (12 scalar equations). The
medium species is modeled as a Newtonian fluid of dynamic vis-
cosity pm, while an Oldroyd-B model is used to account for the in-
trinsic viscoelastic behavior of the cell aggregate. Indeed, the cell-
medium solution is a “structured fluid” for which we may define
an overall stress tensor which can be expressed from the contri-
butions of the stress of constituents (as done in porous media me-
chanics where we define the effective stress tensor) or from the
contribution of different mechanisms as we have done here. In
the adopted Oldroyd-B rheological model, widely used to model
polymer solutions, we have two branches associated to two strain
mechanisms acting in parallel (see Fig. 1c). The fact that the two
strain mechanisms are in parallel is very important because if one
mechanism is fully blocked, nothing moves. The first and second
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strain mechanisms are depicted in Figure SIl.a in the supplemen-
tary material.

The first strain mechanism associated to the parameter w is
representative of the overall cell aggregate fluidity which depends
on the cell size, cell arrangement (number of contact interfaces)
and the mass fraction of the interstitium. This deformation mech-
anism is associated to the Newtonian counterpart of the viscous
stress, ty.

The second strain mechanism is associated with the strength
of cell-cell adhesion proteins, modeled by means of the parameter
em, and elasticity (provided by the cell membrane and adhesion
proteins) modeled by means of the parameter Ggp; strain rates as-
sociated to breakage of adhesion proteins and elastic deformation
add up (to equal the strain rate of the first mechanism) and are
both driven by the viscoelastic counterpart of the stress, tyg.

The Oldroyd-B model allows to model liquids for which the
overall viscosity increases with time for a constant stress (see Fig-
ure SI1.b). We now discuss three particular cases depicted in Figure
SI1.c which allow to further understand the behavior.

1. When bonds between cell adhesion proteins are infinitely
strong, the parameter ucym goes to w, the rheological model be-
comes a Kelvin-Voight cell and the behavior is that of a solid-
like viscoelastic medium.

. When the cell and proteins are rigid the parameter G.n goes to
o, the two viscosities simply add up and the behavior is that
of a Newtonian fluid of dynamic viscosity pem + (.

. Finally, when p tends to o, the overall fluidity is null and
nothing moves because one mechanism of the two in parallel
branches of the Oldroyd-B rheological model is fully blocked.

According to these definitions and hypotheses the stress tensor
of the solution reads
T
t=—p1+u[Vv+(Vv) ]+tv5 (10)
Where, tyg is the viscoelastic extra-stress and, introducing the
parameter . for the contribution of cells, the Newtonian viscosity
of the solution, w, reads

M= wcpe+ (1 — ) m (11)

To ensure that ty vanishes in the medium areas (where
w¢ = 0), similarly to the approach used in [22] we modify the clas-
sical Oldroyd-B equation as follows

T
tve + Ochemtyy = Oclhem [Vv +(Vv) ] (12)
where Acn = Hem/Gem and the symbol V denotes the frame invari-

ant upper-convective derivative of a tensor field which is defined
as

atVE

at

Hence, the 2 relationships (10) and (12) can be solved in the
whole domain since they give a Newtonian behavior where w; = 0
and a viscoelastic behavior elsewhere.

The equation for the diffusive velocity of the cell species (3
scalar equations). The diffusion of the cell species is driven by the

. = +VViy — (VV)TtVE —tyg Vv (13)
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product of the cell mobility M and the gradient of the chemical
potential, ¢,

w; = —MV¢ (14)

A diffuse interface approach is used to track the interface be-
tween the cell aggregate and the medium. The interface’s thick-
ness and the composition profile through the interface are set by
the competition between individual motion and reciprocal attrac-
tion/repulsion of cells which are accounted in the expression of the
chemical potential, ¢

¢ = %f/(a)c) —aoeAw, (15)

where the function flw.), bulk free energy density of the solution,
as some of us proposed in [20], has the following form

flw) = yo? (@

The equilibrium value, w{, is set at the density of cells in a
suspended cell aggregate at rest. The assumed form of bulk free
energy density has two minima one at . = 0, the other at w, =
w® (Fig. 1b). In Eq. (15), o is the cell aggregate surface tension,
and ¢ are a normalization coefficient to recover Young-Laplace law

(o = (66?—{2)3) and a measure of the interface thickness respectively
w,

(o
[20].

The expression of the volumetric force (3 scalar equations).
The body force in Eq. (9), which allows to account for the pressure
difference between the medium and the cell aggregate, is given by
the chemical potential, ¢, times the gradient of cells mass fraction,
wc [20]

b= ¢V, (17)

The state equation for the solution density (1 scalar equation).
We assume here that the bulk species (medium and cell species)
are incompressible, which implies that their solution is also in-
compressible. However, the density of the solution, p, generally
depends on its composition. As explained in Section 3.3 'Physical
Parameters’, the densities of the cell and medium species, p. and
Pm, are very similar and can therefore be considered equal. Since
Pc = pm, the density of the solution, p, is equal to the density of
the bulk species and can be assumed constant.

P =Po (18)

The expression of one of the two reaction terms (1 scalar
equation). In the modeled examples we assume the cell in home-
ostasis so r¢ is zero (consequently also r, is zero, see Eq. (7)).

- o)’ (16)

2.4. Final form of the governing equations and boundary conditions

The density of the solution p is constant [cfEq. (18)] so
Eqg. (8) reduces to the divergence free equation (as in the Boussi-
nesq approximation). We introduce here the further assumption
that, given the orders of magnitude of inertial versus viscous forces
in the micropipette aspiration experiment [13], the Reynolds num-
ber of the problem is very low. This allow us to neglect the term
(v-V)v in the total derivative of Eq. (9) which reduces to the par-
tial derivative with respect to time. Taking into account this as-
sumption and accounting for the previously presented constitutive
relationships, the final form of the system of Partially Differential
Equations (PDEs) reads

ag‘:c + V- (wv) -V (MVg) =0 (19)
¢ = %f’(a)c) —aoeAw. (20)
V.v=0 (21)
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pO% =V. {—pl+,u[Vv+(Vv)T] +tvg}+¢Vwc (22)
8tVE T
tye + Wchem T +thVE — (VV) tve — tVEVV
— Weflem [Vv + (VV)T] (23)

The primary variable of the system of PDE are: the mass frac-
tion of the cell species, w., the chemical potential, ®, the velocity
vector, v, the pressure of the solution, p, and the viscoelastic coun-
terpart of the stress tensor, tyg .

The boundary conditions related to the Cahn-Hilliard (CH) part
[Egs. (19) and (20)] allow us to model the relative wettability of
the two fluid with respect of the whole bound or part of it. More
precisely if the cell aggregate does not wet (or wet) the bound, a
Dirichlet boundary condition prescribing w. = 0 (or w. = )
must be applied. Conversely in the case of a partial wettability a
Neumann condition fixing the wetting angle 65 must be applied as
done in [23]. If we call ['p the non-wetting (or wetting) portion of
the boundary and I'y the partially wet one (with I'n U 'y = T),
the two types of boundary conditions read

We = W on FD (24)

n- Vo, = —cot (6) |'r . Vwc} on [y (25)

For the chemical potential in the presented examples, we set a
natural condition on the whole boundary

n-Vp=0 (26)

which ensures that the cells do not diffuse through impermeable
surfaces.

For the Navier-Stokes (NS) part of the model [Equs. (21) to (23)]
two types of boundary conditions can be applied: either the veloc-
ity vector (or some of its components) is prescribed either a trac-
tion condition is applied. In the following, we will assume that in
the portion of the boundary, I't, where we assume a traction con-
dition the traction vector has not tangential component. The other
part of the boundary where we set the velocity vector is indicated

on I’

as I'y . Hence the boundary conditions for the NS equations read
V=V on I'y (27)
t-n=—-pon on I (28)

3. In silico modeling of MPA

The mathematical model is now applied to simulate MPA of a
cell aggregate. Two cases are analyzed. In the first one, as gener-
ally assumed to interpret experimental data, we consider a non-
wetting situation between the pipette walls and the cells (contact
angle ;s =180°); in the second case we assume a partial wetting
condition with a static angle 65 = 150° with no hysteresis.

3.1. The reference experimental test

This numerical study is based on the experimental results pub-
lished by one of us in Guevorkian et al. [13]. In this paper the au-
thors propose the use of the MPA technique to study the surface
tension and mechanical properties of cell aggregates. Due to its
viscoelastic properties when the cell aggregate is aspirated, it ini-
tially responds as an elastic solid, then as a viscous fluid at times
larger than a certain characteristic time of about few tens of min.
The micropipette has been chemically treated to limit the adhesion
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of cells to the internal wall of the pipette, leading to the assump-
tion of a 180° contact angle. During the experiment, the aspira-
tion of the aggregate in the pipette of radius R, was monitored by
tracking the position L(t) of the end of the tongue (Fig. 2a). In the
simulated example R, = 35 pum while the initial radius of the cells
aggregate (just before aspiration) is Rg) = 175 pm. A suction pres-
sure Ap = —1180 Pa has been applied within the pipette during
180 minutes to aspirate the aggregate and monitor the advance-
ment of the tongue; then the pressure Ap has been set to zero
which leads the retraction of the aggregate. During the aspiration
phase after a fast initial deformation (elastic phase) the advance-
ment of the front reaches a quite constant velocity as shown in
Fig. 2b. The behavior is similar in the initial stage of the retrac-
tion phase; then in the final stage of the retraction the behavior
slightly evolves (see data points in Fig. 2b after 225 min). An an-
alytical solution based on a 1D rheological model (different from
the Oldroyd-B proposed here, cf. Fig. 2c versus Fig. 1c) has been
adopted in [13] to simulate this experiment. This solution gives L(t)
as:

f ko f
L(t)=k]<1—k1+k26 c)+&t (29)

where f is the aspiration force and 7. is the characteristic time
of the elastic regime; the relationships between the parameters of
the rheological model and the physical and geometrical properties
of the experimental system are reported in [13]. As observed from
the experimental data points, the retraction phase has an overall
dynamics faster than the aspiration dynamics. This behavior has
been related to the increase of cell surface tension during the aspi-
ration phase. The hypothesis of a stress dependent surface tension
related to the augmentation of tissue cohesion upon the applica-
tion of a permanent external load is the signature of a mechano-
active process. In a more recent article [17], similar experiments
have been performed, and the authors suggested a further gen-
eralization of the mechano-active process assuming that the vis-
coelasticity of cells is deformation dependent. Since the proposed

mathematical model accounts for pseudo-elastic effect related to
surface tension and bulk viscoelesticity, we wish to examine if we
can explain these data and appreciate the dominant effect without
a priori hypotheses.

3.2. Boundary conditions

To reduce the computational cost of the numerical simula-
tions we have exploited the cylindrical symmetry of the problem
(Fig. 3a). The boundary conditions for NS and CH equations are de-
picted in Fig. 3b.

For the NS system, we have four types of boundary conditions
for the four bounds B1, B2, B3 and B4:

« On B1 a normal stress equal to 0 Pa is set.

+ On B2 which corresponds to the surface of the pipette the ve-
locity vector is set null (no-slip condition).

+ On B3 which corresponds to the right extremity of the pipette
we set the suction pressure (py = 1180 Pa which corresponds
to that applied experimentally) during 180 minutes (aspiration
phase) then we set py = 0 Pa (retraction phase).

« On B4 the axial-symmetry of the problem is accounted by set-
ting the velocity component v; = 0.

For the CH system we shall distinguish the boundary conditions
for the two cases, i.e. the non-wetting and the partial wetting case.
For the non-wetting case:

« On the boundary B1 U B2 U B3 a natural condition is assumed
for the chemical potential while a non-wetting condition is as-
sumed for the mass fraction of cells.

+ On B4 the boundary condition respects the axial-symmetry of
the problem [natural conditions (null normal gradient) are as-
sumed for both the chemical potential and the mass fraction of
cells].

For the partial wetting case:
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Table 2

Parameters of the mathematical model for cell aggregate aspiration-retraction.
Parameter Symbol  value unit Source
Equilibrium value of cell mass fraction (o 0.8 - [20,24]
Density of the medium Pm 1000. kg/m3 [20] DMEM
Dynamic viscosity of the medium Hm 1600. Pa.s Assumed as hypothesis
Density of the of cells Pe 1000. kg/m3 [25-28]
Non wetting assumption
Interfacial tension between the cell and the medium o 0.0092 N/m Identified in this study
Elasticity coefficient of the rheological Oldroyd-B model Gem 14.7 Pa Identified in this study
Deformation-driven viscosity of the rheological Oldroyd-B model  pcm 3.91 x 10° Pa.s Identified in this study
Newtonian viscosity of the cell species in the Oldroyd-B model e 0.51 x 10° Pa.s Identified in this study
Mobility of the cm interface M 2.09 x 1016 m? s 1! Identified in this study
Partial-wetting assumption
Interfacial tension between the cell and the medium o 0.0099 N/m Identified in this study
Elasticity coefficient of the rheological Oldroyd-B model Gem 19.2 Pa Identified in this study
Deformation-driven viscosity of the rheological Oldroyd-B model  picm 1.02 x 10° Pa.s Identified in this study
Newtonian viscosity of the cell species in the Oldroyd-B model We 0.17 x 10° Pa.s Identified in this study
Mobility of the cm interface M 3.80 x 106 m> s~! J-'  Identified in this study

» The conditions are the same as for the non-wetting case with
exception on the surface of the pipette (B2) where a condition
of partial wetting is applied.

The cell aggregate is initially outside the pipette. Then, thanks
to the suction pressure applied on B3, it starts to be aspirated dur-
ing 180 min. After 180 min the pressure on B3 is set null so the
aggregate starts to retract until it fully exits the pipette. The phys-
ical parameters used in the mathematical model are summarized
in the Table 2.

3.3. Physical parameters

To run the mathematical model, we need to set some parame-
ters. The parameter w¢! in Eq. (16) corresponds to the homeostatic
cell compactness which is directly correlated with the inter-cellular
space density (cell compactness = 1. - inter-cellular space density).
The inter-cellular space density can be quantified through various

imaging techniques such as high-resolution transmission electron
microscopy (TEM), which provides detailed internal cellular orga-
nization information. In the micro-pipette experiment modeled in
our work, the inter-cellular space density was not evaluated, so we
decided to assume w:l = 0.8 which is in the right range of value
which can be found in the literature. For example, in [24] the au-
thors measured an inter-cellular space density of around 0.14 (14
%) in the viable rim of the analyzed cell aggregates, which corre-
sponds to a compactness of around 0.86.

We focus now on the densities of the two species of the two-
constituent system, pm, and p.. The medium used in the exper-
iment is a Dulbecco’s Modified Eagle Medium (DMEM) which is
primarily an aqueous solution with small amount of salts, and pro-
teins. Its mass density is therefore very close to that of water, so
in the mathematical model we assume p;,; = 1000 kg/m3. Focus-
ing now on the cell species, the typical mass density of a mam-
malian cell is approximately 1050 kg/m3, e.g. see [25,26], and it
only slightly varies by less than 1 % around this value [27] depend-
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ing on the cell types (size of the nucleus compared to cytoplasm)
or physiological state in the division cycle [28]. The density of the
cell species, pc, is therefore also taken equal to 1000 kg/m3. The
fact that p. = pm as anticipated in Section 2.4 allows us to sim-
plify the final form of the governing equations implemented in the
finite element code.

Considering now the viscosity of the medium species, due to
the huge difference between it and the dynamic viscosity of the
cell (at least 8 orders of magnitude), we experienced some conver-
genece issues in the numerical solution. To overcome this problem,
we studied the influence of the medium viscosity i, and we ob-
served that, for a given p., when p,; < 2000 Pa.s the sensitivity of
the solution to the medium viscosity becomes negligible compared
to that of y. and that of the other input parameters. This analysis
reported in Fig. SI2 allows us to use a value of py,; which is signif-
icantly higher than the real one and therefore enable the conver-
gence of the numerical analysis (we used in particular g, = 1600
Pa.s).

While w? pm um and p. are a priori fixed, all the other param-
eters are identified by inverse modeling. As we consider two cases
(i.e. non wetting and partial wetting conditions) Table 2 reports the
set of parameters finally identified in the two situations.

3.4. Spatial and temporal discretization of the equation

The governing equation of the model are discretized in space
and in time with Finite Elements (FE) and Finite Differences (FD)
respectively. The model is implemented in the open-source finite
element platform Fenics (the codes are available on Github, at
https://github.com/gsciume/Cahn-Hilliard-Navier-Stokes) account-
ing for the axial symmetry of the problem to suitably model its
three-dimensional nature.

The nonlinear system of equations has been solved adopting a
Newton algorithm for which we set a relative tolerance of 1 x 106
and a maximum number of 30 iterations. A fine mesh is gener-
ated in the area where we expect the presence of the aggregate-
medium interface while a coarser mesh is used in the other parts
of the domain.

Preliminary sensitivity analyses have been performed to select
the suitable time step and characteristic size of the finite ele-
ment mesh which are dt = 10 s and dh = 5 um respectively. We
also studied the convergence with respect to the parameter ¢ in
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Eq. (20) which controls the thickness of the interface between the
medium and the cell aggregate. Fig. SI3 in the supplementary ma-
terial shows that when ¢ < 1.4 um the numerical solution becomes
almost insensitive to the parameter. Hence, we set & =1.4 pum.

4. Results and discussion

In this section we first explain the methodology used to iden-
tify the physical parameters of the model and comment on the dif-
ferences in the set of parameters obtained for the two considered
scenarios (i.e. non-wetting and partial wetting conditions). Then a
sensitivity study is presented to evaluate how much the mathe-
matical model is sensitive to its governing parameters. Finally, an
in-depth analysis of the flow pattern, pressure and chemical po-
tential distribution are provided to better decipher the physics at
play.

4.1. Identification of the input parameters

To identify the input parameters the Nelder-Mead method has
been used exploiting the constrained minimization algorithm op-
timize.minimize implemented in the free and open-source Python
library Scipy. This algorithm has been used to minimize the root-
mean-square deviation (RMSD) between the numerical and exper-
imental results for the evolution of L(x) over time.

Five parameters have been optimized namely: the parameters
Uem, Gem and e of the rheological Oldroyd-B model, the interfa-
cial tension between the cell and the medium, o, and the mobility
parameter, M. The initial guess vector [tem, Gem, Ue,» 0, M] for the
no wetting and partially wetting cases are respectively: [150 kPa.s,
20 Pa, 50 kPa.s, 0.01 N/m, 4 x 10716 m5s—1]-1] and [75 kPa.s, 20
Pa, 20 kPa.s, 0.01 N/m, 4 x 10716 m3s~1]-1]. These initial guess pa-
rameters for the two cases have been selected accounting for the
order of magnitude of the physical parameter identified in the ref-
erence experiment by one of us [13]. Thanks to some preliminary
numerical analyses, we have also taken into account that in the no
wetting case for a given overall aspiration-retraction dynamics to
fit the experimental results the fluid must be more viscous than in
the partially wetting case.

The advancement of the aggregate L(t) obtained with the opti-
mized set of parameters for the two cases is reported in Fig. 4a
together with the experimental results.
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Fig. 4b shows how the RMSD decrease with the iterations of the
optimization algorithm. We launched the optimization algorithm
in parallel for the wetting and non-wetting cases by setting con-
ditions on the maximum acceptable mean error (5 p«m), a mini-
mum number of iterations (10), and a maximum number of itera-
tions (100). As the initial guess for the partially-wetting case was
already quite good, its error rapidly decreased below 5 um. Con-
versely, with an initial mean error of almost 15 um, 45 iterations
were necessary for the non-wetting case to reach the acceptable
mean error. At the end of the optimization process in the partial-
wetting case the RMSD reduces from 6 pm to 2.5 pm while in the
non-wetting case we obtain a final RMSD of 5 pm. After 45 itera-
tions the error of the non-wetting case still had a slight downward
trend, but as the solution respected the criterion on the maximum
acceptable mean error we decided to not further optimize the so-
lution.

4.2. Sensitivity analysis

To study how the solution of the model is sensible to the five
identified parameters a sensitivity analysis has been performed.
Only the sensitivity analysis performed for the partially wetting
case is reported here, as results obtained for the non-wetting case
are quite similar.

The sensibility study is a first order analysis. Strictly speaking
each parameter is increased by 30 %, taking the other ones un-
changed, and we evaluated the variance of the solution of the L(t)
curve at 90 min (mean time of the aspiration phase), 180 min (end
of the aspiration phase) and 270 min (mean time of the retraction
phase). The results, provided in pm, are depicted in Fig. 5a. From
the histograms it is clear that the interfacial tension is the most
sensible parameters and that its impact is considerable in the re-
traction phase. Fig. 5b provides the overall sensitivity calculated on
the whole curve L(t). This is calculated by computing the overall
mean variance associated to the perturbation of each parameter.
The variance V. of the e in silico experiment is calculated with re-
spect to a numerical reference solution as follows

BVl -]

e =

(30)

n
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where the L; are n discrete values of the solution at specific time
points. A first-order sensitivity index, Si, is then calculated from
the first order variance as

_
" Vi

Where Vit = >_V;. The role of the interfacial tension appears as

S; (31)

1
dominant also in the representation in Fig. 5b as it gathers almost
the 60% of the total variance.

4.3. Pressure and chemical potential distribution

Here, we compare the solutions obtained for the partially wet-
ting and non-wetting cases more in detail; Fig. 6a and b shows the
numerical results for the pressure and stream lines (see also the
pressure distribution over the full experiment duration in Video
S1 and S2). The depression in the right part of the pipette leads
to a net force that drives the aspiration process. The pressure and
chemical potential profiles for the non-wetting case over the axis
z at different times are depicted in Fig. 6¢ and d, for the aspiration
phase, and in Fig. 7a and b for the retraction phase.

5. Conclusion

We used here digital twinning of MPA for a better interpreta-
tion of a typical MPA experiment of aspiration and retraction. First,
there is a good agreement between the numerical and experimen-
tal values, both during the aspiration and retraction phase; remark-
ably, a sole set of parameters allows us to model both the aspira-
tion and retraction phase. Second, examination of the numerical
results reveals the subtle but important effect of wetting whose
effect is more important in the case of retraction as it can be seen
in Fig. 4a where partial-wetting case give slightly better prediction
of experimental data.

Usually, a non-wetting condition is assumed for the sake of
simplicity. Here, we show that, in the non-wetting case, during
the aspiration phase, the lubrication effect of the medium wet-
ting the internal walls of the pipette (Fig. 6b) assists the advance-
ment of the aggregate while this lubrication effect is not present
in the partial-wetting case (Fig. 6a) because the cell aggregate is



G. Sciume, K. Guevorkian and P. Nassoy

in contact with the pipette walls. This allows to explain the sig-
nificant difference in the identified viscosity parameters, p¢n and
Ue (Table 2) for the partial- and non-wetting cases. It also explains
why the mobility parameter, M, of the partial wetting case is 80%
larger than that of the non-wetting case; indeed, the cell aggregate
being in contact with the inner walls of the pipette, the advance-
ment of the triple-point where the two-fluids and the solid meet
is partly controlled by the species mobility, M. Also the elasticity
parameters, Gem, are quite different for the two cases. We observe
that the results for the viscosity and elasticity parameters have the
same order of magnitude of that identified in [13] but are not di-
rectly comparable since the rheological model assumed here is dif-
ferent.

Focusing now on the interfacial tension, o, our results demon-
strate that o is quite insensitive to the assumption of non-wetting
or partial wetting (the difference is only of 7 %). We found a value
(~10 mN/m) which is in good agreement with the one derived in
[13], in the 10-25 mN/m range; however, in our case we do not
need to assume a variable surface tension to model aspiration-
retraction asymmetry. The mechanism inducing the aspiration-
retraction asymmetry can be understood by examining Fig. 6¢ and
d and 7a and b. During the aspiration phase, which is driven by the
pressure gradient, the gradient of the chemical potential tends to
mitigate the rate of the process (Fig. 6¢ and d). Conversely, during
the retraction stage, both the pressure gradient and the gradient of
the chemical potential contribute on the retraction of the cell ag-
gregate to recover the initial spherical shape (Fig. 7a and b). These
mechanisms give a physical explanation to the asymmetry of the
aspiration-retraction behavior without resorting to a variable sur-
face tension.

While these cellular aggregates are often considered as vis-
coelastic fluids as a first approximation, clear manifestations of
activities have been evidenced, and in particular in MPA. For in-
stance, a shivering process consisting pulsed contractions was re-
ported [14]. This process, which is suppressed by treating the cells
with a drug that inhibits contractility, is undoubtedly active. As a
consequence, even though we cannot claim that surface tension
does not vary, and that the whole behavior of an aspirating and
retracting cell aggregate is the same as a drop of inert liquid, we
propose here a comprehensive alternative analysis that holds both
for living cells and for inert matter.

This proof-of-concept work, which aims at presenting the gen-
erality and capabilities of the proposed CHNS model, is inspiring
for future studies. As a perspective, we plan to vary the config-
uration of the experiment, to propose an improved experimental
metrology (e.g., measure the flow rate within the pipette, correlate
cadherin expression with the identified surface tension, better as-
sess the wetting or non-wetting property of the pipette, etc.), and
to verify that our mathematical model preserves its reliability un-
der different experimental conditions.
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