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Abstract

Cell adhesive and rheological properties play a very important role in cell
transmigration through the endothelial barrier, in particular in the case of inflammation
(leukocytes) or cancer metastasis (cancer cells). In order to characterize cell viscoelastic
properties, we have designed a force spectrometer (AFM) which can stretch cells thereby
allowing measurement of their rheological properties. This custom-made force spectrometer
allows two different visualizations, one lateral and one from below. It allows investigation of
the effects of rheology involved during cell stretching.

To test the ability of our system to characterize such viscoelastic properties, [CAM-1
transfected CHO cells were analyzed. Two forms of ICAM-1 were tested; wild type ICAM-1,
which can interact with the cytoskeleton, and a mutant form which lacks the cytoplasmic
domain, and is unable to associate with the cytoskeleton. Stretching experiments carried out
on these cells show the formation of long filaments. Using a previous model of filament
elongation, we could determine the viscoelastic properties of a single cell. As expected,
different viscoelastic components were found between the wild type and the mutant, which
reveal that the presence of interactions between ICAM-1 and the cytoskeleton increases the

stiffness of the cell.
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1. Introduction

For many years, scientists have been trying to characterize, understand and model the
biomechanical and biochemical properties of cells and tissues [18] either in physiological or
pathological conditions. Approaches are usually experimental, but study of the
mechanical/physical properties of cells also call for theoretical approaches [13,14,15,40] in
order to extract bulk and surface properties. Measurements depend upon the bio-physico-
chemical environment provided, and on cell type. Consequently, values found in the literature
for cell mechanical properties fall into a very broad range.

Cells are sensitive to applied forces, a phenomenon known as mechano-transduction [24,25].
The mechanotransducing machinery is not fully understood, but the involvement of cell
adhesion molecules (CAMs) is essential [7]. CAMs are transmembrane proteins, connected to
the cytoskeleton through linker proteins. These complexes are part of the
mechanotransduction machinery, critical for the control of cell shape, migration and
differentiation.

Nowadays, many systems exist to measure the rheological properties of individual cells, the
most common ones are micropipettes [12,16,23], optical tweezers [1,21,35], AFM [2.,3],
microplates [38] or cell poking [11,19]. These techniques need to be coupled to an adequate
rheological model. For instance, a compression and stretching experiment [38] provides
information about the viscoelastic parameters as long as a proper model is used. Similar
techniques also allow access to surface or adhesion properties [23].

AFM is probably the most versatile instrument for the determination of mechanical properties
in a large force range [10pN-1uN]. It has been used for the determination of molecule-
molecule or receptor-ligand interactions [6,22,29,37,42,43]. It is also well adapted for
measuring cell elastic [2,9] or viscoelastic properties [30], but it only provides a view from

below, when coupled with an inverted microscope.
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The aim of our study is to measure the rheological properties of individual cells. We have
designed a custom-made AFM apparatus, set on an inverted microscope [4]. A functionalized
bead is glued onto the AFM cantilever. Consequently, the cell-bead contact area is located on
the bead surface. An additional side view is possible through a lateral lens. Adherent cells can
be stretched, while monitoring cell-bead contact area and cell shapes, in particular filament
stretching can be measured. This apparatus is described in section 2. Stretching experiments
give rise to large cell deformations which can be analyzed using a recent model developed for
viscoelastic material stretching [41]. Similar stretched cell filaments have been observed
recently using micropipettes, and modeled with a Johnson-Kendall-Roberts model [8]. The
method of large deformation is justified by the fact that only protein-cytoplasm interactions
are present in the long filament that is being formed. On the contrary, during indentation
experiments, the nucleus might play a role, as observed previously [32].

In order to test the ability of the measurements to discriminate different cells, we used
recombinant Chinese Hamster Ovary (CHO) cells transfected with the InterCellular Adhesion
Molecule-1 (ICAM-1). ICAM-1 is a transmembrane cell adhesion protein [36] involved in
diapedesis (i.e. adhesion and transmigration of leukocytes across the endothelium) [10,26,39].
The cytoplasmic domain of ICAM-1 is known to associate with the actin filaments [5,20].
Cell-endothelial interactions and diapedesis are also involved in cancer cell dissemination
during the metastatic process [33]. Particular rheological properties are necessary in these
processes, which imply large cell deformations.

In the present study, we used stable CHO cell lines expressing either the complete ICAM-1
sequence (Cal-6) or the ICAM-1 molecule without its cytoplasmic domain (A-Cyto), which
cannot bind to the cytoskeleton [34]. The results presented in section 3 show that CHO Cal-6
cells exhibit a higher stiffness compared to CHO A-Cyto cells. This was expected since
CAM-membrane-cytoskeleton assembly is stronger in cells expressing wild type ICAM-1

compared to the mutant one.
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2. Materials and methods

2.1. AFM spectrometer

We developed a stretching test for investigating the mechanical response of a cell
grown on a glass substrate. A functionalized polystyrene microsphere (15 pm-diameter,
Polyscience, Germany) glued onto an AFM cantilever, is put in contact with the cell. The
diameter of the microsphere is large compared to the usual AFM probes in order to allow
investigation of a large cell area.
To localize and visualize the cell, the experiments were performed on an inverted microscope
(Axiovert 200, Zeiss, Germany) equipped with a custom-built AFM force spectrometer. The
adhering cells were visualized by means of the microscope (63X objective) and a lateral
visualization was provided through an ultrazoom (Optophotonics, France), consisting of a
high magnification zoom lens (Plan Apo 50X objective), connected to a CCD camera. A
specially-designed microscope plateau was built, in order to bring the side view lens (Figure
1). Light was brought to the system using optical fibers. Cells were grown in rectangular cell
chambers (Smm x 60mm x 23mm) with a thin glass wall allowing for lateral visualization of
the cell-microsphere zone. The vertical position of the AFM cantilever relative to the cell was
set with a capacitive sensor (Piezosystem Jena, Germany). A schematic picture is presented in
Figure 1 and the full experiment is shown in Figure 2. The advantage of this method is that
observations from both the side and below are possible.
Microspheres were attached to tipless Si3N4s AFM cantilevers (nominal stiffness 0.06N/m,
length 200 um, Veeco Instruments, France). Attachment was achieved by means of a water-
resistant two-part epoxy adhesive.
Calibration of the system was performed using the method shown in Figure 3. The
microsphere and cantilever were put into contact with the water surface. The microsphere was

pulled up and the angle () of the air-water interface with the vertical direction was measured.
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The vertical component of the force exerted by water on the bead is F = 2waccos0, where a is
the bead radius (7.5 wm), and ¢ the water surface tension (¢ =72 mJ/mZ). The component of
this force in the direction normal to the cantilever (F cosa, where a is the angle between the
cantilever and the horizontal direction) produces the deflection of the cantilever. Therefore, F
cosat = k O, where k is the bead-cantilever spring constant, and J the tip deflection. The
deflection can be measured using either a laser beam (through the condenser) reflected by the
cantilever onto a photodiode (Figure 2), or using measurements from digitized lateral
photographs. Measurements were made using a previously described method [9]. This is
depicted in Figure 4: h is the measured resulting deflection, AZ=Z7-7, is the piezo-translator
displacement, leading to & = (AZ-h) cosa. h can be obtained by measuring the difference
between two positions corresponding to a fixed point, such as the lower position of the bead.
From the measurements of 0 at the air-water interface, and the determination of 8, the spring
stiffness k is calculated (contribution of the angle o disappears). It is found close to the
nominal value 0.06 N/m (to +/- 10%).
During the stretching experiment, the vertical component F of the force exerted by the
microsphere onto the cell was determined from the deflection of the AFM cantilever
measured on the images obtained from the lateral view. The scale on the photographs was
obtained from the knowledge of the bead size, measured separately. The value of F is simply
given by:

F=k (AZ-h) (1)
In the experiments, a=15°, corresponding to a good compromise between available space,
proper beam ray reflection at the fluid-interface and measurements accuracy on digitized
images.

A stretching test was performed as in previous studies [2,8], at a constant velocity V=1 pum/s.
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2.2. Materials
2.2.1. Cell culture
Chinese Hamster Ovary (CHO) cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS, 100U/ml penicillin, 100pg/ml streptomycin, 2mM L-
glutamine and non-essential amino acids (BioWhittaker), at 37°C, 5% CO,. Two types of
recombinant CHO cell lines were used [34] : CHO Cal-6, expressing the unmodified form of
human ICAM-1, and CHO A-Cyto expressing a mutant form of ICAM-1 without its
cytoplasmic domain which cannot be anchored to the cytoskeleton (Figure 5). Cells were
grown in cell chambers precoated with fibronectin (20ug/ml) at low cell density, in the
presence of 20 mM Hepes buffer (pH 7.4). The chamber was then set onto the microscope and

experiments were conducted within the next two hours.

2.2.2. Microsphere functionalization
The polystyrene microsphere used with the cantilever was functionalized by passive
adsorption at room temperature for 45 min with ICAM-1 antibody 3D6 [10] at 100pg/ml, and
used immediately after three washes in PBS.
Using FITC labeled 3D6, it can be shown that the number of adsorbed antibodies on the

bead is around 26,000 per um? (data not shown).

2.2.3. Confocal microscopy
To visualize the effect of the contact between the functionalized bead and the cell surface on
ICAM-1 distribution, we examined the cells by confocal microscopy. Cells were prepared
exactly as for the AFM test, except that after 30 min incubation with the functionalized
microsphere, cells were fixed with 2% paraformaldehyde, permeabilized with 0.5% Triton
X-100, and stained with anti ICAM-1 3D6 (Sug/ml), followed by Goat anti Mouse from

Jackson ImmunoResearch Laboratories. Images were acquired using a Zeiss confocal
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microscope. Figure 6 shows a side view of the cells, where the staining for ICAM-1 is on the
cell surface, with an increased staining at the interface between the cell and the functionalized
bead. Quantification of this staining demonstrated that the clustering of ICAM-1 molecules
induced by the functionalized bead was very similar for both cell types (average fluorescence
intensity 215 £ 33 for CHO Cal-6 vs 180 + 25 for CHO A-Cyto). In contrast, mean
fluorescence intensity was 108 * 34 in other parts of the membrane outside the contact area
for both cell types. Note that the contact area is not necessarily identical for both cell types.
The ability of the functionalized bead to bind specifically to ICAM-1 receptors was
demonstrated, by performing the same test without ICAM-1 antibodies: no interactions with

the cell were found (data not shown).

2.3. Stretching experiments
2.3.1. Setup

Experiments were carried out at room temperature. The cantilever was placed in culture
medium containing CHO cells adhering on the bottom of the cell chamber. Cells were
visualized simultaneously using the microscope and the side view. At the onset of force
measurement, the microsphere was positioned directly above an isolated cell. Since the
nucleus is the most prominent cell element, it was possible to observe it laterally.

The microsphere was then lowered onto the cell surface until contact was made between the
cell and the microsphere, as seen in the side view. The cell was then indented by the
microsphere to a depth of 5 um (in increments of 0.5 wm with 2 mn for relaxation) and then
allowed to relax for 10 min. This method allows the formation of solid bonds between ICAM-
1 molecules expressed at the cell surface and ICAM-1 antibodies. Under these conditions, a
sufficient adhesion zone was obtained. The microsphere was then pulled away vertically at a

constant rate V= lum/sec and cell deformation followed using the lateral view. Figures 7a-f
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show a sequence of lateral images during stretching in the vicinity of the cell nucleus, for a
CHO Cal-6 cell. The formation of a long thin filament is observed.

Stretching experiments were carried out for both cell types, and the deflection of the
cantilever was recorded using video analysis in all cases as described previously by
Dimitriadis et al [9]. This method was preferred rather than using the laser method, because
the light used for the side-view renders the use of the laser difficult. These results will be

discussed in section 3.

2.3.2 Modeling cell rheological properties
In order to analyze the data, we developed a model based on previous work [41], related to an
experiment (at constant velocity V) for measuring tackiness of a viscoelastic adhesive,
exhibiting long filaments. Such long filaments were similar to the one observed in Figure 7.
The deformation first corresponds to shear motion at short times, followed by the formation
and the elongation of a filament. The latter consists of the membrane, proteins and possibly
parts of the underlying cytoskeleton. Modeling such a deformation can be based on the
following assumptions:
- most of the force is spent in stretching the filament
- prediction of cell rheology is based on elongational deformation
- the filament has a homogeneous cross-section
- the initial filament cross-section is Ag, and the initial thickness is e

- the cell is a viscoelastic material following the Oldroyd-B model [27] :

Y (t)=-pl+ [Gexp((u—1)/2)C, " (u)du @)

where X(t), Ct'(u), I are respectively the Cauchy stress tensor, the inverse of the right
Cauchy-Green strain tensor, the identity tensors, p is the pressure, G is the shear modulus, and

A the relaxation time.
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The parameter e is not a measurable quantity, since it is the equivalent thickness
corresponding to the volume of the stretched part of the filament only. It is determined as
explained below, usually it is of the order of a few microns (e=1-3um, for a stretched filament
of length 40 um, in our experiments). The initial cross-section, Ay, on the other hand, can be
measured as the initial contact area.

Under these assumptions, explicit formulas can be obtained [41]. In addition, this model is a
three-dimensional one. Indeed, as the cell filament is stretched, it also shrinks. Other studies

exist [38] but assume one-dimensional modeling. Filament elongation is based on the Hencky

strain e=Ln(1+Vt/e), and the stretching rate is given by ;,=V/(e+Vt). Assuming that the initial
cross-section (Ap) of the filament of a given height (e) is stretched uniformly, mass
conservation gives the filament cross section A(t) at any time (t):

A(D)(e+VD)=Age 3)
Stresses are both in the axial direction (z) and other directions as well (x and y). The stress
tensor acting within the filament, is given [27] by eliminating the pressure field and
calculating 6(t)= 6,,-Oxy, the stress difference. Using an Oldroyd-B model, with one relaxation

mode, the stress 6(t), measured by the cantilever, becomes [41]:

t 2
o(t)= G e-“((1+Vt/e)2—(1+Vt/e)-1)+lje-“—““ et VU ) _e+Vu @)
Ay e+ Vu e+ Vt

For incompressible materials, E=3G, where E is the Young modulus. Finally the force is
obtained through:

F(t) = o(t) A(t) = o(t) Age/(e+Vt) (5)
Examples of such predictions, for different parameters, are given in Figures 8a-c. Ay, e, and V
are kept constant for each cell. Modeling the different behaviors of the viscoelastic system is

possible. The parameters that vary are the viscoelastic ones G and A (two equivalent

parameters are G and the viscosity =G A). In the first case (Figure 8a), the response is that of

10
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an elastic material because the experimental time te, is small compared to A (texp < A). In
Figure 8b, the behavior corresponds to a viscoelastic material (texy=A), and the last case
(Figure 8c) is that of a viscous material (tex, > A). The shape of the curve is governed by the
relaxation time A whereas the height of the peak force is controlled by G. Therefore, this
model can be used to analyse different cell viscoelastic properties. Monitoring the shape of
the curve can be done using the relaxation time A, while the height of the curve is changed by

adjusting the shear modulus G.

3. Results and discussion

Different cells were tested and analyzed: CHO A-Cyto and CHO Cal-6 cells. Force signals
were obtained from the digitized video images using an image analysis software (Imagel'),
with the procedure explained in section 2.1. This gives force accuracy of around +/- 30 nN
corresponding to pixel accuracy, which is sufficient in our case. For smaller signals required
for measurements of molecule-molecule interactions, the laser system for force detection
should be used.

Figure 9 depicts the average force signals F(t) for the two cell types. They correspond to a cell
viscoelastic response, with a rapid increase of force due to elasticity and a later decrease due
to viscous effects. Force signals exhibit a maximum, corresponding to the case previously
described in Figure 8c, and have been already observed experimentally [2,38]. Therefore, the
CAM-membrane-cytoskeleton assembly behaves more like a viscous system, with some
elasticity at short times.

The question of initial indentation can be questioned, although it has not been investigated

further in the present study. Its influence has been reduced here because of the time allowed

! Rasband, W.S., ImageJ, National Institutes of Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/,
1997-2004.

11
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for the cell to relax (2 mn after each 0.5 um step indent, and finally 10 mn). In fact,
indentation is used to induce bond creation.

To investigate these results further, the stress-strain curves corresponding to a velocity
V=1um/s were plotted (data not shown). The behavior is similar to the force-time curve,
corresponding to a linear elastic behavior until €=1.2, followed by a maximum, then a rapid
decrease. This gives more information about the intrinsic behavior of the cytoskeleton: it
behaves in an elastic manner at small deformations, with no strain hardening, then it is
governed by relaxation at larger deformations. Strain hardening may occur at larger velocities
[41], but is not observed here. Further experiments at differents velocities V are possible
(0.2um/s<V<5um/s) with the present setup; they may help understanding the cell rheological
response (as shown in the model, equations 4-5), in relation to the cytoskeleton remodeling.
Indeed, the local properties of the membrane-cytoskeleton-proteins assembly are investigated
here. During the long-term stretching, some remodeling may exist, in particular progressive
breakeage (or damage) of the various cytoskeleton filaments. It was not possible to study such
features using the side view. Further experiments using immunofluorescent cytoskeleton
proteins and confocal microscopy would be required to resolve this question.

Differences between the two cell types could also be captured. In Figure 9, CHO Cal-6 cells
exhibit a higher force peak, corresponding to increased stiffness (small times). This difference
makes sense since it corresponds to a stronger assembly of membrane and proteins with the
cytoskeleton. In order to determine the modulus G and viscosity m, we correlated our
experimental data with model equations (4-5). At the beginning of the experiment, the
microsphere is closely linked to the cell surface. The diameter of the contact area (2ag) is
usually smaller than the bead diameter (see for example Figure 7a), in the range [12-15 um]
in all cases. The values of e are not physical, because the cell filament has no height at the
outset. After several seconds, the cell is stretched, thus additional material comes from the

inside of the cell (below). We chose to measure the cell area change A(lO)/Ao=(1+V‘[/e)'1 after

12
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10 seconds, which gives us the values of e. A(10) is the measured minimum cross section of
the filament at t=10s. Finally, the unknown parameters G and A were optimized. The best fits
are shown in Figure 9, and results are presented in Table 1.

The shear moduli are found to be G = 675+100 Pa and A=5 +1s for CHO Ca 1-6 cells, and
G=250+50 Pa and A=6 +1s for CHO A-cyto cells.

According to previous studies [31,32], indentation experiments with an AFM have been
carried out in the case of endothelial cells, and give elastic moduli E in the range of a few
kPa, depending on the position of the probe with respect to the nucleus. In our experiments,
the part of the cell being tested consists mainly of the membrane and proteins (attached to the
cytoskeleton or not) located on top of the nucleus. Our measurements give G=E/3 in the range
600-700 Pa (CHO Cal-6), so that E=1.8-2.1 kPa, and E=0.9-1.2 kPa for the second cell type
(CHO A-cyto). These comparisons still need to be considered with caution, because it is likely
that the nucleus plays a role during indentation. Indeed, as the probe indents the cell, the
response is dependent on probe position [31,32].

On the contrary, during stretching, most of the response probably depends on the
microstructure of the filament but not on the nucleus. Nevertheless, the results are in
qualitative agreement with the litterature. In addition, the stretching experiment seems to be
more closely related to diapedesis, during which a cell first forms a protrusion and then
extends it [26].

In another study using magnetocytometry and RGD-coated beads [17] two different values of
G for cortical and cytosolic cytoskeleton nerworks [28] were found (range 49-85 Pa and 74-
159 Pa respectively), whereas relaxation times for the same assemblies were respectively 0.3-
0.7 s and 14-30 s (corresponding to stresses in the range 10-30 Pa). This might give an
indication that the filament that we observed for A-cyto CHO cells behaves more like the

cytosolic cytoskeleton of the previous study [28], although the observed stress levels are

13
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higher (1-3 kPa) due to the large deformations involved. In the case of Cal-6 CHO cells, the
elastic modulus G is higher by a factor of 2.5, revealing a stronger assembly stiffness.

The effect of the relaxation time is more complex, as the values are quite close for the two cell
types (5s and 6s), with a slightly smaller relaxation time for the Cal-6 type. This similarity
suggests that both cell types behave similarly, from a viscoelastic point of view, and that only
stiffnesses can be affected by reorganization at the cell membrane. Values of the relaxation
times fall within the range of previously published data [28], and might be considered to be an
average over the different components of the underlying cytoskeleton. However, this type of
method for the determination of elastic modulus and relaxation time is new, and could be used
further to differentiate other cell types. Several relaxational processes might also be included
in the model.

We conclude that the overall behavior of the two cell types is similar, with the exception of
the elastic modulus which is two fold higher when ICAM-1 is linked to the cytoskeleton.
Similar results have been obtained in a study combining AFM and cell poking [19] of
embryonic cells, where cells lacking vinculin exhibited reduced elasticity.

To summarize, we have designed a new method for characterizing cell stretching using a
custom-made AFM. This technique, which allows two kinds of visualization, is quite
convenient. It can be coupled to a 3D-model for viscoelastic cell stretching. It enables
determination of an elastic modulus and a relaxation time. The method has been tested on
recombinant CHO-cells expressing ICAM-1, with or without their cytoplasmic domains. It is

efficient in measuring small changes in the viscoelastic parameters of these two cell types.
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FIGURE CAPTIONS

FIGURE 1. Schematic illustration of the visualization system. Usual view from below (phase
contrast, fluorescence) and side view using an ultrazoom (camera + prolongator + objective
X50).

FIGURE 2. Experimental setup. 1) Specially designed inverted microscope plateau. 2) Two-
axes culture chamber translator 3) Ultrazoom 4) X-Y-Z AFM cantilever translator with piezo
translator (Z direction) 5) Cell chamber 6) Photo-diode 7) Laser beam 8) Microscope
condenser.

FIGURE 3. Measurement of the Cantilever stiffness using water. Measurement of the contact
angle gives access to the force, since the water surface tension is known (y=72 mJ/m?).

FIGURE 4. Sketch of the AFM technique showing the relevant parameters.

FIGURE 5. Differences in attachment of ICAM-1 to the cytoskeleton. Anti-ICAM-1 are
shown on the bead side. CHO Cal-6: ICAM-1 is attached to cytoskeleton (inside the cell).
CHO A-Cyto: ICAM-1 cannot bind to the cytoskeleton.

FIGURE 6. Z slices of a CHO Cal-6 cell (left) and a CHO A-Cyto (right) stained with
ICAM-1 antibodies, with a functionalized bead (dotted circle) on top of the cell. After
incubation for 30 min at room temperature, cells were processed for confocal microscopy as
described in Materials and Methods. ICAM-1 level is increased at the interface between the
cell and the functionalized bead. Bar = 10 pm.

FIGURE 7. Typical stretching experiments (CHO Cal-6). Side view with reflexion below.
The bead first indents the cells, then it is pulled upwards at a constant velocity V=1 pm/s.
Evidence of the formation of a filament is shown. (a) t=0s (b) t=6s (c) t=11s (d) t=14s (e)
t=22s (f) t=38s.

FIGURE 8. Comparison of different results obtained for the theoretical force signal,
corresponding to different values of the (G, A) set. V=1 pum/s, e=1 pm. Aj=7 um’. a) G=75
Pa, A=150 s. b) G=75 Pa, A=50s. ¢) G=700 Pa, A=10 s.

FIGURE 9. Comparison of average force levels obtained for the two different cell types (A-
Cyto CHO and Cal-6 CHO cells), together with the viscoelastic fit.
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TABLE 1

CHO Celltype | e(um) | V(um/s) | G(Pa) | m(Pas) | A(s) |Ag=may’(um’)

Cal-6 2.5-3.0 1 675 £100 | 3375£100 | 5.0%1 140-165

A-Cyto 1.5-2.5 1 250150 1500£50 6.0x1 150-155
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Table 1. Model parameters corresponding to the different cells tested
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FIGURE 1
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FIGURE 5
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