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Supplementary Information 

 

Supplementary Movie S1 (GuillouS1_supplementary_BAEC_indentation_demo.avi): 

Supplemental movie showing a profile microindentation of a BAEC. The acquisition was 

performed at 1 frame per second, and the movie plays at 5 frames per second (i.e., time 

accelerated 5 times). 

 

Supplementary Movie S2 (GuillouS2_supplementary_BAEC_cytoD_1000nM_120min.avi): 

BAECs were incubated in cell culture medium containing cytochalasin-D at 1000 nM and 

observed under fluorescence microscopy in order to visualize actin filament depolymerization 

over time. Time is accelerated 300 times (duration of movie: 24 s, duration of experiment: 

120 min). 

 

Supplementary Movie S3 (GuillouS3_supplementary_BAEC_cytoD_500nM_120min.avi): 

BAECs were incubated in cell culture medium containing cytochalasin-D at 500 nM and 

observed under fluorescence microscopy in order to visualize the kinetics of actin filament 

depolymerization. Time is accelerated 300 times (duration of movie: 24 s, duration of 

experiment: 120 min). 
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Supplementary discussion 

 

Equivalence between time and frequency domain and between creep and relaxation 

experiments 

In the linear elastic regime, stress and strain are related as follows: 
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where σ is the stress, t the time, K the stress relaxation function at fixed strain, ε0 the strain at 

t=0, and  the strain rate. This translates in the Laplace domain to 
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where the tilde denotes the Laplace transform. For a sinusoidal excitation 
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(with w the pulsation), we have 
jwtewt )()(   and the complex viscoelastic modulus G is 
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. Comparing to the result obtained for the creep function 

)/()( 1ttBtJ   in supplementary reference 1, we conclude that: 
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Equation (3) implies that the power-law exponent for a constant strain experiment is the 

opposite of that of creep function experiments and oscillating bead trapping 2. We note that 

according to Fabry et al. 3, the exponent α provides access to the loss tangent η at low 

frequencies (η = απ/2), which in turn provides access to the loss modulus, knowing the 
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storage modulus (by definition, η = G’’/G’, where G’’ is the loss modulus and G’ the storage 

modulus). 

 

Which value of a cell’s Poisson’s ratio for which experiment? 

When the Poisson’s ratio retains its original definition as one of two elastic moduli necessary 

to describe a homogeneous isotropic elastic medium, one should take a value of 0.5 for 

moderate cell compressions, indicating that cell volume is conserved. Indeed, Harris and 

Charras reported no volume change 4 when observing cell indentation with a confocal 

microscope for forces on the order of 10 nN corresponding to strains on the order of 10 to 

40%. To the best of our knowledge, only in cases where large compressions are applied over 

long durations (deformations on the order of 100% over 300 s as in reference 5) has overall 

cell volume change due to compression been reported. It is believed that the volume change 

then results from the efflux of fluid through the cell membrane, which means that a model of 

a cell as a continuous elastic medium is ill-defined in the first place, as a portion of the 

medium is “lost”. Other values of Poisson’s ratio that have been reported when modeling the 

cell as an elastic medium may have been the result of either indirect measurements 6 or have 

resulted from approximating the cell as a two-dimensional medium 7. 

 

In some studies, investigators have sometimes used the term Poisson’s ratio to refer to the 

Poisson’s ratio in a biphasic or poroelastic model, which is a physical model distinct from the 

elastic medium. In the poroelastic model, what is sometimes referred to as the Poisson’s 

ratio is strictly speaking the drained Poisson’s ratio 8, also called the solid-phase Poisson’s 

ratio, and refers to the compressibility of the solid-phase. For this solid-phase Poisson’s ratio, 

typical values of 0.3-0.4 have been reported for the solid matrix in cells 5,9,10.  

 

Convection dominates diffusion in “whiffing” experiment 

In the present study, “whiffing” is accomplished by using a syringe to pressure an air 

reservoir that in turn pushes on the fluid containing the agent being “whiffed”. For laminar 
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flow (which we will verify at the end of the analysis) through a circular cross-section duct, 

Poiseuille’s law 11 relates the average flow velocity and the applied pressure difference as:

L
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 , where v  is the mean fluid velocity, ΔP is the applied pressure difference, R is the 

radius of the cylindrical duct, η is the fluid dynamic viscosity, and L is the length of the duct. 

Because the hydraulic resistance Rh (defined as Rh = ΔP/Q) in a Poiseuille flow scales as 

1/R4, a good approximation of the overall micropipette resistance can be obtained by taking 

the resistance of the thin tip, where the radius is ~10-5 m, and neglecting the long shaft, 

where the radius is ~10-3 m.  

 

Given an applied pressure difference ΔP ~1 kPa, a micropipette radius R ~10-5 m, a 

micropipette length L ~10-3 m, a dynamic viscosity η ~10-3 Pa.s (water at room temperature), 

we find an approximate mean velocity of 10-1 m/s. This leads to a Reynolds number close to 

the tip of the micropipette of 


vR
Re  ~1 (ρ is the density of water), justifying our initial 

assumption of a laminar flow. The distance between the micropipette tip and the cell is L ~10-

4 m, which leads to a characteristic time for convection of cytochalasin-D of τconvection ~10-3 s. 

The diffusion time scales as L2/D, where D is the diffusion coefficient. For spherical particles 

in a low-Reynolds number flow, D can be obtained from the Stokes-Einstein relation 12 
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 , where kB is the Boltzmann’s constant, T is the absolute temperature, and Rpart 

is the radius of the particle. At room temperature, estimating that Rpart ~10-9 m for 

cytochalasin-D (molar mass ~500 g/mol), we find a characteristic diffusion time constant of 

τdiffusion ~10 s. 
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Comparison of profile microindentation at room temperature vs. physiological 

temperature 

We built a custom-made Plexiglas chamber that allows passage for micropipettes while 

thermally insulating the Petri dish. Briefly, the chamber was heated with a resistance, where 

the electrical current was controlled by a PID system branched to a thermocouple device 

placed inside the chamber. We then calibrated our system to link the target temperature 

given to the PID to the medium temperature inside the Petri dish. Using this system, we were 

able to verify that cell indentations could be performed at physiological temperature without 

increasing the indenter vibrations too much. We find that cell stiffness increases by ~50% 

(Supplementary Fig. S4) when going from physiological temperature (37 °C) to room 

temperature (~20 °C), although this difference was not statistically significant. Surprisingly, 

past studies have shown both an increase 13 and a reduction 14 in epithelial cell stiffness for 

this temperature variation. 

 

 

 

SUPPLEMENTARY FIGURE S4  Effect of temperature on cell apparent stiffness. 

Indentation speed was 1.4 µm/s. Left column represents cells indented at room temperature, 

while right column represents cells indented at physiological temperature. Data is mean ± 

SEM. Difference is not statistically significant (p = 0.08). 
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Profile microindentation may also be used on non-adherent cells 

To demonstrate the capability of using profile microindentation to determine the mechanical 

properties of non-adherent cells, we performed microindentations of human T lymphocyte 

CD4 cells that were held with a micropipette (Supplementary Fig. S5b). CD4 cells, kindly 

provided by C. Hivroz (Curie Institute, Paris, France), were maintained in RPMI medium with 

10% SVF and 1% Hepes at 37°C and 5% CO2 and were prepared according to the protocol 

in Larghi et al. 15. This study was conducted according to the Helsinki Declaration, with 

informed consent obtained from the blood donors, as requested by the Etablissement 

Francais du Sang. The indenter used had a rigidity of 1.2 nN/µm and a radius of 4 µm. The 

radius of each CD4 cell was measured to obtain the effective radius used in the Hertzian 

model. 

 

SUPPLEMENTARY FIGURE S5  Profile microindentation of non-adherent human T 

lymphocyte CD4 cells. (a) Histogram of the apparent stiffness of CD4 cells indented at 0.8 

µm/s. (d) Micrograph of a profile microindentation of a CD4 cell. Scale bar is 5 µm. 

 

We found an apparent stiffness of 130 ± 11 Pa (mean ± s.e.m.) (Supplementary Fig. S5a) 

using an indentation speed of 0.8 µm/s. Values reported in the literature for naïve CD4 cells 

range from 85 Pa after complete relaxation 16 to 250-300 Pa for indentation speeds between 

0.1 and 1 µm/s 17. The setup and program used were the same as for microindentations of 
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adherent cells, rendering comparisons easier then when different methods are used (typically 

micropipette aspiration for non-adherent cells and AFM for adherent cells).  

 

 

 

Migration of a human lymphoblast cell on an endothelial cell in profile view 

Profile microindentation may be combined with a second micropipette to observe, for 

instance, leukocytes migrating on endothelial cells. Supplementary Fig. S6 illustrates that the 

micromanipulation of a human lymphoblast cell does not hinder its ability to migrate on a 

human aortic endothelial cell (HAEC). All the while, we may perform profile microindentation 

to monitor the evolution of the mechanical properties of the HAEC (data not shown). 
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SUPPLEMENTARY FIGURE S6  Profile view of the migration of a human lymphoblast cell 

on a HAEC. The mechanical properties of the HAEC may be monitored using a 

microindenter. Scale bar is 10 µm. 

 

In these experiments, human lymphoblast cells were isolated from donor blood about 2 

weeks before the experiment by S. Dogniaux and M. Saitakis (Curie Institute, Paris, France) 

according to the protocol described in Bufi et al. 16. The cells were maintained in RPMI 1640 

medium, Glutamax Supplement GIBCO (Life Technologies # 61870-010) with 1% penicillin-

streptomycin GIBCO (10,000 U/mL) (Life Technologies # 15140-122), 1% Hepes GIBCO 1M 

(Life Technologies # 15630-056), 0.1% 2-Mercaepthanol (50 mM) GIBCO (Life Technologies 

# 31350-010) and 10% FCS. 
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