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a b s t r a c t 

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 θ s = 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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. Introduction 

Mechanical cues contribute to the regulation of a wide range 

f processes in living systems at different spatial scales [ 1 ]. At 

he molecular scale, mechanobiology aims at deciphering the un- 

erlying mechanisms associated to the way cells sense and adapt 

o the forces exerted by their neighbors through the reinforce- 

ent or weakening of adhesive interactions (in the case of catch- 

nd slip-bonds respectively) or to the signals from the surround- 

ng matrix by the alteration of specific biochemical pathways. At 

he cellular level, shear, stretch, compression, osmotic shock im- 

act the fate of cells, including apoptosis or differentiation, as well 

s their proliferation, migration, or adhesion. Finally, at the tis- 

ue level, externally-applied or internally-generated cues within a 

issue such as a spheroid or organoid may direct embryo mor- 

hogenesis, cell escape from tumors, and tissue shaping. To apply 

erturbations in a controlled manner and/or quantitatively assess 

he forces at play, numerous methodologies and instruments have 

een developed in the last decades [ 2 , 3 ]. Optical tweezers, mag-

etic tweezers, single particle tracking rheometry, Atomic Force 

icroscopy (AFM), Biomembrane Force Probe (BFP) were mostly 

sed in molecular and sub-cellular mechanobiology. At the cellu- 

ar level several techniques based on microfabricated pillars, mi- 

roplate rheometry, AFM, single cell micropipette aspiration and 

agnetic twisting cytometry provide a wealth of information on 

ellular mechanobiology. At the multicellular scale, tissue surface 

ensiometry, which yields the surface tension of a multicellular 

pheroid squeezed between plates [ 4 ] and micropipette aspiration 

MPA) [ 5 ], which consists in partially aspirating a multicellular as- 

embly inside a glass capillary [ 6 , 7 ] are the most employed meth-

ds. Historically, the MPA technique was first proposed as a “cell 

lastimeter” in 1954 [ 8 ] before being popularized in particular by 

. Evans to measure the shear modulus and membrane viscosity of 

ed blood cells [ 9 ], bending rigidity elastic modulus, water perme- 

bility and lysis tension of lipid membranes [ 10 , 11 ], cortical ten-

ion and apparent tension of granulocytes [ 12 ]. From these exper- 

ments on individual lipid vesicles and cells using the same tech- 

ique but different experimental procedures ( e.g. time-dependent 

ersus steady state) and analyses based on a preliminary knowl- 

dge of the cell material, a variety of physical parameters could be 

erived. The MPA approach was then extended to multicellular as- 

emblies [ 6 ] like tumor spheroids [ 13–15 ], or blastocysts [ 16 ]. In

he case of blastocysts, MPA can be seen as a single cell mechan- 

cal assay since only one protruding cell in connection with the 

ther cells of the embryo is probed. By contrast, spheroids are gen- 

rally treated as droplet of soft material in a framework of contin- 

um rheology. In this context, the MPA technique is primarily used 

o measure apparent surface tensions and viscoelasticity at multi- 

ellular scale. Given the wide range of possibilities to vary experi- 

ental conditions (aspiration step, rate, magnitude of aspiration at 

teady state, relaxation upon aspiration release), and the selected 

henomenological rheological model chosen, data emerging from 

eemingly similar experiments may lead to discrepancies or dif- 

erent interpretations. For instance, on the basis of two previous 

orks, similar data were interpreted as a force-dependent increase 

f surface tension [ 13 ] or as a deformation-dependent viscoelastic- 

ty [ 17 ]. Clearly, a common framework is needed to analyze MPA 

xperiments on multicellular spheroids. 

Mechanistic modeling approaches aiming at modeling the 

teady state or aspiration dynamics of the tongue, i.e. the fraction 

f tissue that enters the pipette, have been developed to assess 

echanical parameters and analyze the experimental results. How- 

ver, despite the relative abundance of modeling approaches ([ 18 ] 

nd references therein), these methods are either analytical with 

imple elasticity or viscoelasticity hypotheses or rely on finite el- 

ments modelling by treating the cell or aggregate as a homoge- 
450
eous solid-like or fluid-like material. In our opinion, the lack of 

n-depth characterization analysis of the samples’ rheological prop- 

rties mostly originates from the fact that heterogeneities at the 

cale of the aggregate are not taken into account. The lack of more 

onsistent modeling approaches has been pointed out in a recent 

ork [ 19 ] where the authors propose a mesoscopic approach to 

odel the MPA experiment. 

In our paper, we propose a mathematical approach that models 

he aggregate as a solution consisting of cells and medium in the 

ell-cell interstitium . The main validity hypothesis of the model is 

hat the characteristic size of the cellular aggregate is large enough 

elative to the cell size to allow the aggregate to be treated as a 

ontinuum [ 20 ]. The behavior of the cell aggregate is assumed to 

e intrinsically non-Newtonian and characterized by a viscoelas- 

ic rheological model. The model is used to simulate the aspiration 

nd retraction phase of a multicellular spheroid in a MPA exper- 

ment. Comparison between numerical and experimental results 

emonstrates that the proposed mathematical model is able to de- 

cribe all dominant mechanisms at play during the aspiration and 

etraction phases. Our results highlight that the relevance of the 

onclusions of existing studies aiming at modeling MPA is strongly 

orrelated with the assumptions made, which are most often mo- 

ivated by the need for simplification. We show in particular that 

he assumption of a perfect non-wetting condition between the 

ell aggregate and the pipette has a considerable impact on the pa- 

ameters identified from inverse modeling of experimental results. 

e also provide a physical explanation for the observed asymme- 

ry between the aspiration and retraction steps that does not re- 

uire to assume an active response of the cells, contrary to those 

roposed in the literature ( e.g. see [ 13 , 17 ]). 

The starting hypotheses and the governing and constitutive 

quations of the mathematical model are presented in Section 2 . 

hen Section 3 shows how the mathematical model is imple- 

ented to simulate the aspiration and retraction phase of a cell 

ggregate. Results are presented and discussed in Section 4 . A con- 

lusive paragraph, Section 5 , summarizes the main outcomes of the 

resent work. 

. The mathematical model 

A cell aggregate continuum has a solid-like behavior at a small 

train level ( ∼10 %) and for relatively short solicitation times 

 ∼seconds) and a fluid like behavior when highly deformed dur- 

ng a long period of time ( ∼hours). In our mathematical frame- 

ork we model the cell aggregate as a solution to account for 

ts bi-constituent nature ( i.e. cells + medium in the cell–cell in- 

erstitium ). The model is developed within the frame of a Cahn–

illiard–Navier–Stokes formulation which allows us to consider 

oth effects related to cell-cell adhesion energy and to the intrin- 

ic cell aggregate visco-elasticity by means of an Oldroyd-B rheo- 

ogical model. The proposed model is an extended version of the 

ne some of us have already developed [ 20 ] for modeling confined 

rowth of encapsulated spheroids. Here, by releasing the hypoth- 

sis of a negligible convective velocity of the solution, the mo- 

entum conservation equation does not reduce to the hydro-static 

ase. Consequently, the Cahn–Hilliard system of equations must be 

olved in a coupled fashion with Navier–Stokes equations. Addi- 

ionally, due to the non-Newtonian behavior of the cell aggregate a 

eliable viscoelastic rheological model must be adopted. This mod- 

ling approach allows us to take into account that the overall vis- 

oelastic response observed experimentally in the initial part of as- 

iration (and of retraction) has two counterparts: a structural vis- 

oelastic effect that is related to surface tension and a bulk vis- 

oelastic effect related to the intrinsic viscoelasticity of the cell ag- 

regate. 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). 
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e present the governing and the constitutive equations in two re- 

pective separate paragraphs. 

.1. Definition of the bi-constituent system 

The mathematical model is founded on the framework of the 

hermodynamically Constrained Averaging Theory (TCAT) [ 21 ]. The 

tarting hypothesis is that the cell aggregate must be modeled as 

 solution consisting of two species: the cell species, c , and the 

edium fluid species, m , representing the interstitial fluid present 

n the interstitium between cells. The solution may contain other 

hemical species in minor proportion, as oxygen for instance and 

ther nutrients, which ensure the viability of the cells. Due to the 

elatively small size of the aggregate studied (diameter < 200 μm) 

nd to the relatively short duration of the modeled experiment ( ∼
 h) we assume that the cells are well oxygenated in the whole 

ourse of the experiment; this allows us to disregard oxygen dif- 

usion in the numerical simulations. If a representative elementary 

olume (REV) of solution is defined, each point of the domain can 

e characterized by a certain mass fraction of c and m ( Fig. 1 a): ωc 

nd ωm 

respectively. Obviously, the following constraint must be 

espected 

c + ωm 

= 1 (1) 

If we consider a point in the area external to the cell aggregate, 

he mass fraction of the medium species is the unity ( ωm 

= 1). 

onversely, if we consider a point within the cell aggregate the 

ass fraction of the cell species is ≥ ωeq 
c with ωeq 

c the mass frac- 

ion of the cells in the cell aggregate at rest. 

n the medium zone : ωc = 0 

n the interface zone : 0 < ωc < ωeq 
c 

n the cell zone : ωc ≥ ωeq 
c 

(2) 
r

451
Each point of the solution is also characterized by a certain 

olution velocity, v , and by the diffusion velocities of chemical 

pecies ui ( i = c, m ). The diffusion velocities are the deviations of 

pecies velocities, vi , with respect to the solution velocity 

i = vi − v i = c, m (3) 

The following condition holds for diffusion velocities [ 21 ] 
 

i 

ωi ui = 0 (4) 

.2. Governing equations 

Cells may move due to advective transport (related to the solu- 

ion velocity v ) and diffusive transport (related to its own diffusive 

elocity, ui ). As a consequence, the spatial form of the mass con- 

ervation equations of the cell species, using TCAT formalism [ 21 ], 

eads 

∂( ρωc ) 

∂t 
+ ∇ · ( ρωc v ) + ∇ · ( ρωc uc ) − rc = 0 (5) 

here ρ is the solution density and rc is an exchange of mass term 

o account for chemical-biological events ( e.g. cell division) induc- 

ng mass transfer from other species of the solution to c species. 

n analogous equation governs mass conservation of the medium 

pecies, m 

∂( ρωm 

) 

∂t 
+ ∇ · ( ρωm 

v ) + ∇ · ( ρωm 

um 

) − rm 

= 0 (6) 

here, as in Eq. (5) , rm 

is a source or sink term to account for mass

xchange between species. Since mass created in one species (for 

xample in the c species due to cell division) has to come from 

ther species, the following constraint must be respected 

c + rm 

= 0 (7) 



G. Sciumè, K. Guevorkian and P. Nassoy Acta Biomaterialia 189 (2024) 449–460

Table 1 

Summary of the model independent variables. 

Species index Associated variables Equivalent scalar variables 

Cells c ωc , rc , uc , vc 8 

Medium m ωm, rm , um , vm 8 

Solution − ρ , p , v, tN , tVE , b 20 

Tot. number of scalar unknowns 36 
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Summing mass conservation equations of the two species of the 

olution ( c and m ), and accounting for constraints (1), (4) and (7)

ive the mass conservation equation of the solution as 

∂ρ

∂t 
+ ∇ · ( ρv ) = 0 (8) 

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

ervation equation 

D v 

D t 
= ∇ · t + b (9) 

here D v 
D t = ∂v 

∂t 
+ (v · ∇ ) v is the total time derivative of the veloc- 

ty vector, b is the volumetric force and t is the stress tensor. The 

tress tensor, t , consists of the pressure contribution, p , and the 

tress contribution related to fluid viscosity: t = −p 1 + tμ. Due 

o the non-Newtonian nature of the cell aggregate, tμ consists of 

 Newtonian stress counterpart, tN , and a viscoelastic stress coun- 

erpart: tVE , tμ = tN + tVE . Note that the viscoelastic counterpart 

nly exists when ωc > 0. 

.3. Constitutive equations 

In the previous subparagraph the equivalent of 16 scalar inde- 

endent 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 

pecies ( Eq. (6) ) is not included in the previous list, since it can

e obtained combining Eqs. (5) and (8) (in other words it is not 

inearly independent). 

The total number of independent variables is 36 ( Table 1 ), con- 

equently 20 scalar equations are needed for model closure. These 

0 scalar equations correspond to 6 closure relationships which are 

eported in the following paragraphs. 

The viscoelastic rheological model (12 scalar equations) . The 

edium species is modeled as a Newtonian fluid of dynamic vis- 

osity μm 

, while an Oldroyd-B model is used to account for the in- 

rinsic viscoelastic behavior of the cell aggregate. Indeed, the cell- 

edium solution is a “structured fluid” for which we may define 

n overall stress tensor which can be expressed from the contri- 

utions of the stress of constituents (as done in porous media me- 

hanics where we define the effective stress tensor) or from the 

ontribution of different mechanisms as we have done here. In 

he adopted Oldroyd-B rheological model, widely used to model 

olymer solutions, we have two branches associated to two strain 

echanisms acting in parallel (see Fig. 1 c). The fact that the two 

train mechanisms are in parallel is very important because if one 

echanism is fully blocked, nothing moves. The first and second 
452
train mechanisms are depicted in Figure SI1.a in the supplemen- 

ary material. 

The first strain mechanism associated to the parameter μ is 

epresentative of the overall cell aggregate fluidity which depends 

n the cell size, cell arrangement (number of contact interfaces) 

nd the mass fraction of the interstitium . This deformation mech- 

nism is associated to the Newtonian counterpart of the viscous 

tress, tN . 

The second strain mechanism is associated with the strength 

f cell-cell adhesion proteins, modeled by means of the parameter 

cm 

, and elasticity (provided by the cell membrane and adhesion 

roteins) modeled by means of the parameter Gcm 

; strain rates as- 

ociated to breakage of adhesion proteins and elastic deformation 

dd up (to equal the strain rate of the first mechanism) and are 

oth driven by the viscoelastic counterpart of the stress, tVE . 

The Oldroyd-B model allows to model liquids for which the 

verall viscosity increases with time for a constant stress (see Fig- 

re SI1.b). We now discuss three particular cases depicted in Figure 

I1.c which allow to further understand the behavior. 

1. When bonds between cell adhesion proteins are infinitely 

strong, the parameter μcm 

goes to ꝏ , the rheological model be- 

comes a Kelvin-Voight cell and the behavior is that of a solid- 

like viscoelastic medium. 

2. When the cell and proteins are rigid the parameter Gcm 

goes to 

ꝏ , the two viscosities simply add up and the behavior is that 

of a Newtonian fluid of dynamic viscosity μcm 

+ μ. 

3. Finally, when μ tends to ꝏ , 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 

f the solution reads 

 = −p1 + μ
[ 
∇v +

(∇v 
)T 

] 
+ tV E (10) 

Where, tVE is the viscoelastic extra-stress and, introducing the 

arameter μc for the contribution of cells, the Newtonian viscosity 

f the solution, μ, reads 

= ωc μc + ( 1 − ωc ) μm 

(11) 

To ensure that tVE vanishes in the medium areas (where 

c = 0), similarly to the approach used in [ 22 ] we modify the clas-

ical Oldroyd-B equation as follows 

V E + ωc λcm 

t∇ 

V E = ωc μcm 

[ 
∇v +

(∇v 
)T 

] 
(12) 

here λcm 

= μcm 

/Gcm 

and the symbol ∇ denotes the frame invari- 

nt upper-convective derivative of a tensor field which is defined 

s 

∇ 

V E =
∂tV E 

∂t 
+ v ∇tV E −

(∇v 
)T 

tV E − tV E ∇v (13) 

Hence, the 2 relationships (10) and (12) can be solved in the 

hole domain since they give a Newtonian behavior where ωc = 0 

nd a viscoelastic behavior elsewhere. 

The equation for the diffusive velocity of the cell species (3 

calar equations). The diffusion of the cell species is driven by the 
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roduct of the cell mobility M and the gradient of the chemical 

otential, φ, 

c uc = −M∇φ (14) 

A diffuse interface approach is used to track the interface be- 

ween the cell aggregate and the medium. The interface’s thick- 

ess and the composition profile through the interface are set by 

he competition between individual motion and reciprocal attrac- 

ion/repulsion of cells which are accounted in the expression of the 

hemical potential, φ

= ασ

ε 
f ′ ( ωc ) − ασε�ωc (15) 

here the function f( ωc ) , bulk free energy density of the solution, 

s some of us proposed in [ 20 ], has the following form 

f ( ωc ) = 1 

4 

ω2 
c 

(
ωeq 

c − ωc 

)2 
(16) 

The equilibrium value, ωeq 
c , is set at the density of cells in a 

uspended cell aggregate at rest. The assumed form of bulk free 

nergy density has two minima one at ωc = 0, the other at ωc = 

eq 
c ( Fig. 1 b). In Eq. (15) , σ is the cell aggregate surface tension, α

nd ε are a normalization coefficient to recover Young-Laplace law 

 α = 6
√ 

2 

(ωeq 
c ) 

3 ) and a measure of the interface thickness respectively 

 20 ]. 

The expression of the volumetric force (3 scalar equations). 

he body force in Eq. (9) , which allows to account for the pressure

ifference between the medium and the cell aggregate, is given by 

he chemical potential, φ, times the gradient of cells mass fraction, 

c [ 20 ] 

 = φ∇ωc (17) 

The state equation for the solution density (1 scalar equation) . 

e assume here that the bulk species (medium and cell species) 

re incompressible, which implies that their solution is also in- 

ompressible. However, the density of the solution, ρ , generally 

epends on its composition. As explained in Section 3.3 ’Physical 

arameters’ , the densities of the cell and medium species, ρc and 

m 

, are very similar and can therefore be considered equal. Since 

c = ρm 

, the density of the solution, ρ , is equal to the density of 

he bulk species and can be assumed constant. 

= ρ0 (18) 

The expression of one of the two reaction terms (1 scalar 

quation). In the modeled examples we assume the cell in home- 

stasis so rc is zero (consequently also rm 

is zero, see Eq. (7) ). 

.4. Final form of the governing equations and boundary conditions 

The density of the solution ρ is constant [ cf. Eq. (18) ] so 

q. (8) reduces to the divergence free equation (as in the Boussi- 

esq approximation). We introduce here the further assumption 

hat, given the orders of magnitude of inertial versus viscous forces 

n the micropipette aspiration experiment [ 13 ], the Reynolds num- 

er of the problem is very low. This allow us to neglect the term 

v · ∇ ) v in the total derivative of Eq. (9) which reduces to the par-

ial derivative with respect to time. Taking into account this as- 

umption and accounting for the previously presented constitutive 

elationships, the final form of the system of Partially Differential 

quations (PDEs) reads 

∂ωc 

∂t 
+ ∇ · ( ωc v ) − ∇ ·

(
M∇φ

)
= 0 (19) 

= ασ

ε 
f ′ ( ωc ) − ασε�ωc (20) 

 · v = 0 (21) 
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0 
∂v 

∂t 
= ∇ ·

{ 

−p1 + μ
[ 
∇v +

(∇v 
)T 

] 
+ tV E 

} 

+ φ∇ωc (22) 

tV E + ωc λcm 

[
∂tV E 

∂t 
+ v ∇tV E −

(∇v 
)T 

tV E − tV E ∇v 

]

= ωc μcm 

[ 
∇v +

(∇v 
)T 

] 
(23) 

The primary variable of the system of PDE are: the mass frac- 

ion of the cell species, ωc , the chemical potential, �, the velocity 

ector, v , the pressure of the solution, p , and the viscoelastic coun- 

erpart of the stress tensor, tVE . 

The boundary conditions related to the Cahn–Hilliard (CH) part 

 Eqs. (19) and (20) ] allow us to model the relative wettability of 

he two fluid with respect of the whole bound or part of it. More 

recisely if the cell aggregate does not wet (or wet) the bound, a 

irichlet boundary condition prescribing ωc = 0 (or ωc = ωc 
eq ) 

ust be applied. Conversely in the case of a partial wettability a 

eumann condition fixing the wetting angle θ s must be applied as 

one in [ 23 ]. If we call 
D the non-wetting (or wetting) portion of 

he boundary and 
N the partially wet one (with 
D ∪ 
N = 
), 

he two types of boundary conditions read 

c = ω0 on 
D (24) 

 · ∇ωc = − cot 
(
θs 

)∣∣τ · ∇ωc 

∣∣ on 
N (25) 

For the chemical potential in the presented examples, we set a 

atural condition on the whole boundary 

 · ∇φ = 0 on 
 (26) 

hich ensures that the cells do not diffuse through impermeable 

urfaces. 

For the Navier–Stokes (NS) part of the model [ Equs. (21) to (23) ]

wo types of boundary conditions can be applied: either the veloc- 

ty vector (or some of its components) is prescribed either a trac- 

ion condition is applied. In the following, we will assume that in 

he portion of the boundary, 
t , where we assume a traction con- 

ition the traction vector has not tangential component. The other 

art of the boundary where we set the velocity vector is indicated 

s 
v . Hence the boundary conditions for the NS equations read 

 = v0 on 
v (27) 

 · n = −p0 n on 
t (28) 

. In silico modeling of MPA 

The mathematical model is now applied to simulate MPA of a 

ell aggregate. Two cases are analyzed. In the first one, as gener- 

lly assumed to interpret experimental data, we consider a non- 

etting situation between the pipette walls and the cells (contact 

ngle θ s = 180 °); in the second case we assume a partial wetting 

ondition with a static angle θ s = 150 ° with no hysteresis. 

.1. The reference experimental test 

This numerical study is based on the experimental results pub- 

ished by one of us in Guevorkian et al . [ 13 ]. In this paper the au-

hors propose the use of the MPA technique to study the surface 

ension and mechanical properties of cell aggregates. Due to its 

iscoelastic properties when the cell aggregate is aspirated, it ini- 

ially responds as an elastic solid, then as a viscous fluid at times 

arger than a certain characteristic time of about few tens of min. 

he micropipette has been chemically treated to limit the adhesion 
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Fig. 2. (a) Geometrical description of the MPA test; (b) Experimental results for the aspiration and retraction phases of the modeled case. L̇∞ characterizes the viscous flow; 

(c) Rheological model adopted for the analytical solution proposed in [ 13 ] where k1 and k2 are the spring constants and ξ c and ξ t are the dashpots corresponding to the 

modified Maxwell model. 

o

t

t

t  

s

a

s

1

m

w

p

m

F

t

s  

a

t  

a

a

L

w

o

t

o

t

d

b

r

r

t

a

h

e

c

m

s

c

a

3

t

(

p

f

f

f cells to the internal wall of the pipette, leading to the assump- 

ion of a 180 ° contact angle. During the experiment, the aspira- 

ion of the aggregate in the pipette of radius Rp was monitored by 

racking the position L(t) of the end of the tongue ( Fig. 2 a). In the

imulated example Rp = 35 μm while the initial radius of the cells 

ggregate (just before aspiration) is R(0) = 175 μm. A suction pres- 

ure �p = −1180 Pa has been applied within the pipette during 

80 minutes to aspirate the aggregate and monitor the advance- 

ent of the tongue; then the pressure �p has been set to zero 

hich leads the retraction of the aggregate. During the aspiration 

hase after a fast initial deformation (elastic phase) the advance- 

ent of the front reaches a quite constant velocity as shown in 

ig. 2 b. The behavior is similar in the initial stage of the retrac- 

ion phase; then in the final stage of the retraction the behavior 

lightly evolves (see data points in Fig. 2 b after 225 min). An an-

lytical solution based on a 1D rheological model (different from 

he Oldroyd-B proposed here, cf. Fig. 2 c versus Fig. 1 c) has been

dopted in [ 13 ] to simulate this experiment. This solution gives L(t) 

s: 

( t) = f 

k1 

(
1 − k2 

k1 + k2 

e− t 
τc 

)
+ f 

ξt 
t (29) 

here f is the aspiration force and τ c is the characteristic time 

f the elastic regime; the relationships between the parameters of 

he rheological model and the physical and geometrical properties 

f the experimental system are reported in [ 13 ]. As observed from 

he experimental data points, the retraction phase has an overall 

ynamics faster than the aspiration dynamics. This behavior has 

een related to the increase of cell surface tension during the aspi- 

ation phase. The hypothesis of a stress dependent surface tension 

elated to the augmentation of tissue cohesion upon the applica- 

ion of a permanent external load is the signature of a mechano- 

ctive process. In a more recent article [ 17 ], similar experiments 

ave been performed, and the authors suggested a further gen- 

ralization of the mechano-active process assuming that the vis- 

oelasticity of cells is deformation dependent. Since the proposed 
454
athematical model accounts for pseudo-elastic effect related to 

urface tension and bulk viscoelesticity, we wish to examine if we 

an explain these data and appreciate the dominant effect without 

 priori hypotheses. 

.2. Boundary conditions 

To reduce the computational cost of the numerical simula- 

ions we have exploited the cylindrical symmetry of the problem 

 Fig. 3 a). The boundary conditions for NS and CH equations are de- 

icted in Fig. 3 b. 

For the NS system, we have four types of boundary conditions 

or 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 ( p0 = 1180 Pa which corresponds 

to that applied experimentally) during 180 minutes (aspiration 

phase) then we set p0 = 0 Pa (retraction phase). 

• On B4 the axial-symmetry of the problem is accounted by set- 

ting the velocity component vr = 0. 

For the CH system we shall distinguish the boundary conditions 

or 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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Fig. 3. Axial-symmetrical configuration of the modeled case (a); Boundary conditions (b). 

Table 2 

Parameters of the mathematical model for cell aggregate aspiration–retraction. 

Parameter Symbol value unit Source 

Equilibrium value of cell mass fraction ωeq 
c 0.8 - [ 20 , 24 ] 

Density of the medium ρm 1000. kg/m3 [ 20 ] DMEM 

Dynamic viscosity of the medium μm 1600. Pa.s Assumed as hypothesis 

Density of the of cells ρc 1000. kg/m3 [ 25–28 ] 

Non wetting assumption 

Interfacial tension between the cell and the medium σ 0.0092 N/m Identified in this study 

Elasticity coefficient of the rheological Oldroyd-B model Gcm 14.7 Pa Identified in this study 

Deformation-driven viscosity of the rheological Oldroyd-B model μcm 3.91 × 105 Pa.s Identified in this study 

Newtonian viscosity of the cell species in the Oldroyd-B model μc 0.51 × 105 Pa.s Identified in this study 

Mobility of the cm interface M 2.09 × 10-16 m5 s−1 J−1 Identified in this study 

Partial-wetting assumption 

Interfacial tension between the cell and the medium σ 0.0099 N/m Identified in this study 

Elasticity coefficient of the rheological Oldroyd-B model Gcm 19.2 Pa Identified in this study 

Deformation-driven viscosity of the rheological Oldroyd-B model μcm 1.02 × 105 Pa.s Identified in this study 

Newtonian viscosity of the cell species in the Oldroyd-B model μc 0.17 × 105 Pa.s Identified in this study 

Mobility of the cm interface M 3.80 × 10-16 m5 s−1 J−1 Identified in this study 
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• 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 

o the suction pressure applied on B3, it starts to be aspirated dur- 

ng 180 min. After 180 min the pressure on B3 is set null so the

ggregate starts to retract until it fully exits the pipette. The phys- 

cal parameters used in the mathematical model are summarized 

n the Table 2 . 

.3. Physical parameters 

To run the mathematical model, we need to set some parame- 

ers. The parameter ωeq 
c in Eq. (16) corresponds to the homeostatic 

ell compactness which is directly correlated with the inter-cellular 

pace density (cell compactness = 1. – inter-cellular space density). 

he inter-cellular space density can be quantified through various 
455
maging techniques such as high-resolution transmission electron 

icroscopy (TEM), which provides detailed internal cellular orga- 

ization information. In the micro-pipette experiment modeled in 

ur work, the inter-cellular space density was not evaluated, so we 

ecided to assume ωeq 
c = 0 . 8 which is in the right range of value

hich can be found in the literature. For example, in [ 24 ] the au-

hors measured an inter-cellular space density of around 0.14 (14 

) in the viable rim of the analyzed cell aggregates, which corre- 

ponds to a compactness of around 0.86. 

We focus now on the densities of the two species of the two- 

onstituent system, ρm 

and ρc . The medium used in the exper- 

ment is a Dulbecco’s Modified Eagle Medium (DMEM) which is 

rimarily an aqueous solution with small amount of salts, and pro- 

eins. Its mass density is therefore very close to that of water, so 

n the mathematical model we assume ρm 

= 10 0 0 kg/m3 . Focus- 

ng now on the cell species, the typical mass density of a mam- 

alian cell is approximately 1050 kg/m3 , e.g. see [ 25 , 26 ], and it

nly slightly varies by less than 1 % around this value [ 27 ] depend-

https://www.thermofisher.com/fr/fr/home/life-science/cell-culture/mammalian-cell-culture/cell-culture-media/dmem.html
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Fig. 4. Identification of the input parameters for non-wetting (red) and partial-wetting (blue) cases: experimental results versus numerical results (a); convergence of the 

optimization algorithm (b). 
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ng on the cell types (size of the nucleus compared to cytoplasm) 

r physiological state in the division cycle [ 28 ]. The density of the

ell species, ρc , is therefore also taken equal to 10 0 0 kg/m3 . The

act that ρc = ρm 

as anticipated in Section 2.4 allows us to sim- 

lify the final form of the governing equations implemented in the 

nite element code. 

Considering now the viscosity of the medium species, due to 

he huge difference between it and the dynamic viscosity of the 

ell (at least 8 orders of magnitude), we experienced some conver- 

enece issues in the numerical solution. To overcome this problem, 

e studied the influence of the medium viscosity μm 

and we ob- 

erved that, for a given μc , when μm 

< 20 0 0 Pa.s the sensitivity of

he solution to the medium viscosity becomes negligible compared 

o that of μc and that of the other input parameters. This analysis 

eported in Fig. SI2 allows us to use a value of μm 

which is signif-

cantly higher than the real one and therefore enable the conver- 

ence of the numerical analysis (we used in particular μm 

= 1600 

a.s). 

While ωeq 
c ρm 

μm 

and ρc are a priori fixed, all the other param- 

ters are identified by inverse modeling. As we consider two cases 

 i.e. non wetting and partial wetting conditions) Table 2 reports the 

et of parameters finally identified in the two situations. 

.4. Spatial and temporal discretization of the equation 

The governing equation of the model are discretized in space 

nd in time with Finite Elements (FE) and Finite Differences (FD) 

espectively. The model is implemented in the open-source finite 

lement platform Fenics (the codes are available on Github, at 

ttps://github.com/gsciume/Cahn- Hilliard- Navier- Stokes ) account- 

ng for the axial symmetry of the problem to suitably model its 

hree-dimensional nature. 

The nonlinear system of equations has been solved adopting a 

ewton algorithm for which we set a relative tolerance of 1 × 10-6 

nd a maximum number of 30 iterations. A fine mesh is gener- 

ted in the area where we expect the presence of the aggregate- 

edium interface while a coarser mesh is used in the other parts 

f the domain. 

Preliminary sensitivity analyses have been performed to select 

he suitable time step and characteristic size of the finite ele- 

ent mesh which are dt = 10 s and dh = 5 μm respectively. We

lso studied the convergence with respect to the parameter ε in 
456
q. (20) which controls the thickness of the interface between the 

edium and the cell aggregate. Fig. SI3 in the supplementary ma- 

erial shows that when ε ≤ 1.4 μm the numerical solution becomes 

lmost insensitive to the parameter. Hence, we set ε = 1.4 μm. 

. Results and discussion 

In this section we first explain the methodology used to iden- 

ify the physical parameters of the model and comment on the dif- 

erences in the set of parameters obtained for the two considered 

cenarios ( i.e. non-wetting and partial wetting conditions). Then a 

ensitivity study is presented to evaluate how much the mathe- 

atical model is sensitive to its governing parameters. Finally, an 

n-depth analysis of the flow pattern, pressure and chemical po- 

ential distribution are provided to better decipher the physics at 

lay. 

.1. Identification of the input parameters 

To identify the input parameters the Nelder–Mead method has 

een used exploiting the constrained minimization algorithm op- 

imize.minimize implemented in the free and open-source Python 

ibrary Scipy . This algorithm has been used to minimize the root- 

ean-square deviation (RMSD) between the numerical and exper- 

mental results for the evolution of L(x) over time. 

Five parameters have been optimized namely: the parameters 

cm 

, Gcm 

and μc of the rheological Oldroyd-B model, the interfa- 

ial tension between the cell and the medium, σ , and the mobility 

arameter, M . The initial guess vector [ μcm 

, Gcm 

, μc , σ , M ] for the

o wetting and partially wetting cases are respectively: [150 kPa.s, 

0 Pa, 50 kPa.s, 0.01 N/m, 4 × 10-16 m5 s−1 J−1 ] and [75 kPa.s, 20 

a, 20 kPa.s, 0.01 N/m, 4 × 10-16 m5 s−1 J−1 ]. These initial guess pa- 

ameters for the two cases have been selected accounting for the 

rder of magnitude of the physical parameter identified in the ref- 

rence experiment by one of us [ 13 ]. Thanks to some preliminary 

umerical analyses, we have also taken into account that in the no 

etting case for a given overall aspiration-retraction dynamics to 

t the experimental results the fluid must be more viscous than in 

he partially wetting case. 

The advancement of the aggregate L ( t ) obtained with the opti- 

ized set of parameters for the two cases is reported in Fig. 4 a

ogether with the experimental results. 

https://github.com/gsciume/Cahn-Hilliard-Navier-Stokes
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Fig. 5. Sensitivity analyses: Difference in the solution at different time stages when perturbing by 30 % (one by one) the 5 selected parameters (a); overall sensitivity of the 

solution (b). 

Fig. 6. Pressure distribution and stream lines after 60 min of aspiration for the partial-wetting (a) and the non-wetting (b) cases; Pressure (c) and chemical potential (d) 

potential profiles over the z axis at different times (each 30 min) for the non-wetting case during the aspiration phase (0–180 min). 

457



G. Sciumè, K. Guevorkian and P. Nassoy Acta Biomaterialia 189 (2024) 449–460

Fig. 7. Pressure (a) and chemical potential (b) potential profiles over the z axis at different times (each 30 min) for the non-wetting case during the retraction phase 

(180–360 min). 
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Fig. 4 b shows how the RMSD decrease with the iterations of the 

ptimization algorithm. We launched the optimization algorithm 

n parallel for the wetting and non-wetting cases by setting con- 

itions on the maximum acceptable mean error (5 μm), a mini- 

um number of iterations (10), and a maximum number of itera- 

ions (100). As the initial guess for the partially-wetting case was 

lready quite good, its error rapidly decreased below 5 μm. Con- 

ersely, with an initial mean error of almost 15 μm, 45 iterations 

ere necessary for the non-wetting case to reach the acceptable 

ean error. At the end of the optimization process in the partial- 

etting case the RMSD reduces from 6 μm to 2.5 μm while in the 

on-wetting case we obtain a final RMSD of 5 μm. After 45 itera- 

ions the error of the non-wetting case still had a slight downward 

rend, but as the solution respected the criterion on the maximum 

cceptable mean error we decided to not further optimize the so- 

ution. 

.2. Sensitivity analysis 

To study how the solution of the model is sensible to the five 

dentified parameters a sensitivity analysis has been performed. 

nly the sensitivity analysis performed for the partially wetting 

ase is reported here, as results obtained for the non-wetting case 

re quite similar. 

The sensibility study is a first order analysis. Strictly speaking 

ach parameter is increased by 30 %, taking the other ones un- 

hanged, and we evaluated the variance of the solution of the L(t) 

urve at 90 min (mean time of the aspiration phase), 180 min (end 

f the aspiration phase) and 270 min (mean time of the retraction 

hase). The results, provided in μm, are depicted in Fig. 5 a. From 

he histograms it is clear that the interfacial tension is the most 

ensible parameters and that its impact is considerable in the re- 

raction phase. Fig. 5 b provides the overall sensitivity calculated on 

he whole curve L(t) . This is calculated by computing the overall 

ean variance associated to the perturbation of each parameter. 

he variance Ve of the e in silico experiment is calculated with re- 

pect to a numerical reference solution as follows 

e =

n ∑ 

t=1 

√ [
Lt ( xe ) − Lt 

(
xre f 

)]2 

(30) 

n 
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here the Lt are n discrete values of the solution at specific time 

oints. A first-order sensitivity index, Si , is then calculated from 

he first order variance as 

i =
Vi 

Vtot 
(31) 

Where Vtot = ∑ 

i 

Vi . The role of the interfacial tension appears as 

ominant also in the representation in Fig. 5 b as it gathers almost 

he 60% of the total variance. 

.3. Pressure and chemical potential distribution 

Here, we compare the solutions obtained for the partially wet- 

ing and non-wetting cases more in detail; Fig. 6 a and b shows the 

umerical results for the pressure and stream lines (see also the 

ressure distribution over the full experiment duration in Video 

1 and S2). The depression in the right part of the pipette leads 

o a net force that drives the aspiration process. The pressure and 

hemical potential profiles for the non-wetting case over the axis 

 at different times are depicted in Fig. 6 c and d, for the aspiration

hase, and in Fig. 7 a and b for the retraction phase. 

. Conclusion 

We used here digital twinning of MPA for a better interpreta- 

ion of a typical MPA experiment of aspiration and retraction. First, 

here is a good agreement between the numerical and experimen- 

al values, both during the aspiration and retraction phase; remark- 

bly, a sole set of parameters allows us to model both the aspira- 

ion and retraction phase. Second, examination of the numerical 

esults reveals the subtle but important effect of wetting whose 

ffect is more important in the case of retraction as it can be seen 

n Fig. 4 a where partial-wetting case give slightly better prediction 

f experimental data. 

Usually, a non-wetting condition is assumed for the sake of 

implicity. Here, we show that, in the non-wetting case, during 

he aspiration phase, the lubrication effect of the medium wet- 

ing the internal walls of the pipette ( Fig. 6 b) assists the advance-

ent of the aggregate while this lubrication effect is not present 

n the partial-wetting case ( Fig. 6 a) because the cell aggregate is 
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n contact with the pipette walls. This allows to explain the sig- 

ificant difference in the identified viscosity parameters, μcm 

and 

c ( Table 2 ) for the partial- and non-wetting cases. It also explains 

hy the mobility parameter, M , of the partial wetting case is 80% 

arger than that of the non-wetting case; indeed, the cell aggregate 

eing in contact with the inner walls of the pipette, the advance- 

ent of the triple-point where the two-fluids and the solid meet 

s partly controlled by the species mobility, M . Also the elasticity 

arameters, Gcm 

, are quite different for the two cases. We observe 

hat the results for the viscosity and elasticity parameters have the 

ame order of magnitude of that identified in [ 13 ] but are not di-

ectly comparable since the rheological model assumed here is dif- 

erent. 

Focusing now on the interfacial tension, σ , our results demon- 

trate that σ is quite insensitive to the assumption of non-wetting 

r 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

eed to assume a variable surface tension to model aspiration- 

etraction asymmetry. The mechanism inducing the aspiration- 

etraction asymmetry can be understood by examining Fig. 6 c and 

 and 7 a and b. During the aspiration phase, which is driven by the

ressure gradient, the gradient of the chemical potential tends to 

itigate the rate of the process ( Fig. 6 c and d). Conversely, during

he retraction stage, both the pressure gradient and the gradient of 

he chemical potential contribute on the retraction of the cell ag- 

regate to recover the initial spherical shape ( Fig. 7 a and b). These

echanisms give a physical explanation to the asymmetry of the 

spiration-retraction behavior without resorting to a variable sur- 

ace tension. 

While these cellular aggregates are often considered as vis- 

oelastic fluids as a first approximation, clear manifestations of 

ctivities have been evidenced, and in particular in MPA. For in- 

tance, a shivering process consisting pulsed contractions was re- 

orted [ 14 ]. This process, which is suppressed by treating the cells 

ith a drug that inhibits contractility, is undoubtedly active. As a 

onsequence, even though we cannot claim that surface tension 

oes not vary, and that the whole behavior of an aspirating and 

etracting cell aggregate is the same as a drop of inert liquid, we 

ropose here a comprehensive alternative analysis that holds both 

or living cells and for inert matter. 

This proof-of-concept work, which aims at presenting the gen- 

rality and capabilities of the proposed CHNS model, is inspiring 

or future studies. As a perspective, we plan to vary the config- 

ration of the experiment, to propose an improved experimental 

etrology (e.g., measure the flow rate within the pipette, correlate 

adherin expression with the identified surface tension, better as- 

ess the wetting or non-wetting property of the pipette, etc.), and 

o verify that our mathematical model preserves its reliability un- 

er different experimental conditions. 
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