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This study describes the viscoelastic properties of a refined cellular-tensegrity model
composed of six rigid bars connected to a continuous network of 24 viscoelastic pre-stretched
cables (Voigt bodies) in order to analyse the role of the cytoskeleton spatial rearrangement
on the viscoelastic response of living adherent cells. This structural contribution was
determined from the relationships between the global viscoelastic properties of the
tensegrity model, i.e., normalized viscosity modulus (1*), normalized elasticity modulus
(E*), and the physical properties of the constitutive elements, i.e., their normalized length
(L*) and normalized initial internal tension (7). We used a numerical method to simulate
the deformation of the structure in response to different types of loading, while varying
by several orders of magnitude L* and T* The numerical results obtained reveal that n*
remains almost independent of changes in T%* (y*oc T**01), whereas E* increases with
approximately the square root of the internal tension 7% (from E*oc T*93 to E*oc T#07).
Moreover, structural viscosity #* and elasticity E* are both inversely proportional to the
square of the size of the structure (4*oc L*~2 and E*oc L*7?). These structural properties
appear consistent with cytoskeleton (CSK) mechanical properties measured experimentally
by various methods which are specific to the CSK micromanipulation in living adherent cells.
Present results suggest, for the first time, that the effect of structural rearrangement of CSK
elements on global CSK behavior is characterized by a faster cellular mechanical response
relatively to the CSK element response, which thus contributes to the solidification process
observed in adherent cells. In extending to the viscoelastic properties the analysis of the
mechanical response of the cellular 30-element tensegrity model, the present study
contributes to the understanding of recent results on the cellular-dynamic response and
allows to reunify the scattered data reported for the viscoelastic properties of living adherent
cells.
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Cellular response to surrounding mechanical
stresses as well as cellular deformation are
critical for living cell functions such as differen-
tiation, growth, wound healing, protein synthesis
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and proliferation (Bereiter-Hahn & Liiers, 1994;
Elson, 1988; Planus et al., 1998). Both geometry
and mechanical responses of living adherent cells
are now known to be mainly determined by the
cytoskeleton (CSK), a three-dimensional pre-
stretched structure of interconnected filamentous
biopolymers (microtubules, microfilaments or
actin filaments and intermediate filaments)
which ensures high deformability and stabiliza-
tion of the cell structure (Dennerll et al., 1988;
Heidemann & Buxbaum, 1990; Heidemann et al.,
1999). Indeed, the reported data exhibit a
cellular response, often characterized by a non-
linear mechanical behavior (e.g. the stress-hard-
ening response of the CSK) and by a pre-stress
dependence of cellular stiffness. Such a behavior
has been attributed to the structural properties
of the CSK considering that the overall mechan-
ical properties of the CSK are strongly related to
the spatial rearrangement of the CSK-filaments
(Ingber & Folkman, 1989; Ingber, 1997, 1998;
Ingber & Jamieson, 1985; Ingber & Karp, 1991;
Wang & Ingber, 1994) and thus can be
advantageously explained by the tensegrity
concept (Ingber, 1993, 1998; Ingber et al.,
1994, 1995; Wang & Ingber, 1994; Wendling
etal., 1999, 2000a, b). Theoretical descriptions of
tensegrity structure at the cellular level have been
initially given by Stamenovic’s group (Coughlin
& Stamenovic, 1997, 1998; Stamenovic et al.,
1996), whereas other theoretical studies have
provided normalized predictions of the mechan-
ical behavior which all confirmed the expected
nonlinear and pre-stress-dependent behaviors
(Wendling et al., 1999, 2000a). Noteworthy,
the tensegrity models proposed up to now to
describe the CSK response have only been
studied in terms of pure elastic behavior, i.e.
ignoring the structural viscous dissipation (Sta-
menovic & Coughlin, 1999, 2000; Stamenovic &
Wang, 2000; Volokh et al., 2000; Wendling et al.,
1999, 2000a, b). However, viscoelastic behavior
could not be ignored when measuring the
cellular or tissue response, as shown by many
authors (Butler er al., 1991; Evans & Yeung,
1989; Fredberg & Stamenovic, 1989; Fung, 1981;
Heidemann et al., 1999; Hochmuth & Waugh,
1987; Laurent et al., 2002; Mathur et al., 2000;
Nemoto, 1982; Ragsdale et al., 1997; Satcher &
Dewey, 1996; Sato et al., 1990; Thoumine &

Ott, 1997; Valberg & Albertini, 1985; Wang &
Ingber, 1994; Yamada et al., 2000). Recently,
using oscillatory magnetic twisting cytometry,
Maksym et al. (2000) have shown that the
elastic energy stored in human airway smooth
muscle cells is coupled, via the cytoskeleton
structure, to viscous-related frictional energy
losses associated with viscous mechanisms.
Thus, there is a great need to determine the con-
tribution of spatial reorganization of CSK-
filaments to the overall viscoelastic response
of stretched cells.

Very few of the various theoretical models
proposed to analyse the mechanical properties of
adherent living cells, simultaneously consider: (i)
the discrete nature of the cytoskeleton, (ii) the
cell—cell and/or cell-extracellular matrix (ECM)
interactions, and (iii)) the cellular pre-stress.
Advantageously, the 30-element tensegrity struc-
ture satisfies criteria (i)—(iii) above (Stamenovic
& Coughlin, 2000; Stamenovic & Wang, 2000;
Volokh et al., 2000; Wendling et al., 1999,
2000a, b). It thus appeared to constitute, at the
onset of this study, a reasonable compromise
to represent the complex interrelations between
the structural polymeric organization and the
mechanical behavior of the CSK. To predict the
specific roles of internal tension and spatial
rearrangement of the CSK-filaments on the
viscoelastic response of the overall CSK struc-
ture, we then modified the classical 30-clement
tensegrity model in order to consider the
viscoelastic properties of cables instead of non-
viscous elastic properties exclusively considered
in previous studies (Wendling et al., 1999,
2000a,b). The viscoelastic response of the overall
tensegrity structure was numerically studied by
computing the structural response to creep tests
over a large range of “‘initial” states of overall
deformation (g;), i.e. from ¢ = 0% (correspond-
ing to the reference state of the tensegrity
structure when no external force is applied)
up to g = 60% (corresponding to a deformed
state, where the tensegrity structure is highly
stretched). This relatively wide range of ¢;-values
actually corresponds to a wide variety of spatial
organizations for the structure, i.e. from a
symmetrical spatial organization of elements
associated with a uniform distribution of local
stress throughout elements (g =0%) to an
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increasingly asymmetrical organization asso-
ciated with a more and more anisotropic
distribution of local stresses as g increases up
to 60%. This range of initial deformation values
aims at mimicking the wide variety of stretched
states of the CSK-structure, including uniform
and non-uniform distributions of stress through-
out CSK-elements, as it can be encountered in
living adherent cells (Ingber, 1993; Ingber et al.,
2000; Ingber & Jamieson, 1985). In addition,
comparison between present theoretical results
with experimental results was conducted for a
variety of typical mechanical loading, i.e. exten-
sion, compression, shear and torque, moreover,
exerted according to specific axis of the basal 30-
element tensegrity structure, i.e. perpendicular or
in parallel to the direction of bars. To approach
the complexity of physiological loading condi-
tions, we presently consider that forces exter-
nally applied (and associated displacements)
may be seen as a combination of elementary
loadings (i.e. extension, compression, shear and
torsion) (Bruhat, 1955), and corresponding
elementary displacements (i.e. translation, rota-
tion), hence the idea of testing the structure with
different types of elementary loadings, calculat-
ing first-order displacements in the direction of
the load and neglecting the second-order dis-
placements not directed in the direction of the
load, as assumed in previous tensegrity studies
(Coughlin & Stamenovic, 1997, 1998; Stameno-
vic & Coughlin, 1999, 2000; Stamenovic et al.,
1996; Wendling et al., 1999, 2000a,b). In terms
of biological responses, the different types of
external loading applied to the cell contribute
to a variety of spatial rearrangements of the
structural CSK-elements that might constitute as
much as specific mechanotransduction path-
ways, all necessary for the control of cellular
functions (Ingber, 1993).

Comparison between structural behavior and
cellular properties was performed, as in previous
studies (Wendling er al., 1999, 2000a,b), by
assimilating the structure to an equivalent
viscoelastic continuum embedding the structure
whose mechanical properties provide the best fit
of the numerical data. The mechanical properties
of the overall tensegrity structure were therefore
analysed, like cells, by calculating a unique
couple of values, respectively, for viscosity and

elasticity moduli, with the difference that the
ratio of the axial to shear elastic modulus of the
structure does not have to obey a continuous
medium. To cover the most likely huge range
of characteristic values taken by the physical
properties of CSK-elements, the structural
viscoelastic properties of the tensegrity model
were normalized by the physical properties of
constitutive elements. Experimental data used
for comparison with numerical data pertaining
to the tensegrity model were obtained by
reanalysing previously published data ob-
tained in living adherent epithelial cells in
which the CSK is mechanically stretched by
beads which are specifically attached to
transmembrane receptors linked to the actin
cytoskeleton.

Method

CHARACTERISTICS OF THE THEORETICAL
TENSEGRITY MODEL

The 30-element tensegrity structure shown in
Fig. 1 has already been studied under steady-
state conditions (Stamenovic et al., 1996) and
more particularly to determine the relationships
between the overall stiffness of the structure and
the physical parameters of the constitutive
elements (Wendling et al., 1999). This tensegrity
structure is composed of six rigid bars com-
pressed by a continuous network of 24 pre-
stretched cables.

To study the viscoelastic behavior of this
30-element tensegrity model, the cables were
assumed to behave like viscoelastic Voigt
bodies (elastic element in parallel with viscous
dashpot). The Young modulus (E,) and cross-
sectional area (S,), given to characterize the
two types of elements (cables and bars),
were taken to be constant (subscript “p” refers
to the element (cables or bars), “¢” to the cable
and “b” to the bar). The values of viscosity
modulus (n,) of the cables and the length (/)
of the bars are allowed to vary by several orders
of magnitude.

In the reference state, i.e. when no external
force is applied, the bars are aligned in pairs in
the direction of coordinate axes (Fig. 1). This
stable and symmetrical shape of the structure
corresponds to the equilibrium between tension
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FiG. 1. Spatial view of the tensegrity structure studied
(six bars and 24 viscoelastic cables). At the reference state
(no external forces applied to the structure), the four nodes
{#1, #2, #4, #8} are anchored and fixed in their spatial
positions (@). The rectangular base {x,y,z} is the
referential system. External forces are applied at nodal
points {#6, #11}. Extension and compression forces (F) are
applied along the z-axis. Shear forces (F)) are applied along
the y-axis and the structure is submitted to a twisting torque
by opposite forces applied at node #6 (F,) and at node #11
(—Fy). We only consider first-order displacement in the
direction of applied force. Second-order displacements,
occurring at large deformation especially in shear, are not
considered. The overall deformation resulting from appli-
cation of external forces, is calculated by reference to the
length Ly, defined as the distance between the inferior and
the superior planes of the structure at reference state. To
calculate the overall structural stress, we used a reference
circular area Sy (diameter Ly) embedding the structure.

(T™) in the cables and compression (Tlgr)) in the
bars, leading to the following relationships
(exponent “r” corresponds to the reference state)
(Mohri & Motro, 1993; Pugh, 1976):
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NODAL ATTACHMENT AND LOADING CONDITIONS
OF THE TENSEGRITY MODEL

The viscoelastic tensegrity model was sub-
jected to uniaxial extension or compression So

that the parallel bars [1-8] and [6-11] were
either pulled apart or brought closer together
by external forces applied at the endpoints
(nodes {#6, #11}). During shear, the forces
were applied at the nodes {#6, #11} along
the corresponding rigid bar axis and during
torque, the forces applied at these two nodes
were opposite and perpendicular to the bars
[6-11] and [4-12] (see Fig.1). The bottom
nodes {#1, #2, #4 and #8} remained fixed
during deformation of the tensegrity structure
in order to mimic cellular attachment to
a non-deformable and non-planar substratum.

CONSTITUTIVE EQUATIONS OF THE
THEORETICAL MODEL

The constitutive equations describing the
dynamic behavior of the viscoelastic tensegrity
model are derived based on the equations
described previously in the case of pure elastic
tensegrity model (Wendling et al., 1999) applied,
in the present study, to the viscoelastic behavior
of cables. Taking into account the time depen-
dence of cable properties and assuming small
displacements, the methodology consists in
resolving the following system of differential
equations:

{F}y =[K]- {u} +[C]- {aj, 3)

where the external-forces vector {F} is related
to both (i) the nodal-displacement vector {u}
associated with the global-rigidity matrix
[K], and (ii)) the rate of nodal-displacement
vector {u} associated with the global-damping
matrix [C]. {F} is a 1x36-column vector
composed of the three-dimensional com-
ponents of external forces applied at the 12
nodes. Similarly, the vector size of both
nodal displacements {u} and rate of nodal
displacement {#} is a 1 x36-column. The
overall rigidity matrix [K] is a Boolean sum of
each elementary rigidity matrix [K], [see eqn (4)
and Wendling er al., 1999] which depends
exclusively on the Young modulus E,, the
internal force 7, (i.e., tension in the cables or
compression in the bars), the cross-sectional area
S, and the length /, of the element *“p” as



follows:
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where the position of the element (p) resulting
from spatial reorganization of the structure is
taken into account by the elementary director
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cosines (cy, ¢, and ¢:).

Similarly, the global-damping matrix [C] is a
Boolean sum of the elementary-damping matrix
[C]. of each cable that depends on the viscosity
(n.), cross-sectional area (S.) and length (/) of a

given viscoelastic cable:

As already mentioned by previous authors
(Argyris & Scharpf, 1972; Wendling et al., 1999),
the rigidity matrix eqn (4) may be written as
the sum of (i) an ‘‘elastic”-rigidity matrix
(ie., (E,Sp)/l,terms) and (i) a “‘geometric”-
rigidity matrix (i.e.,(7,/l,) terms), by contrast
to the damping-viscosity matrix eqn (5) due to
the independence of the viscous dissipation in
cables on the level of initial strain (and also

Mg Se 2.
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4)

equilibrium equation system eqn (3) was solved
for small variations of force and displacement
hypothesis (i.e., £<0.05%), considering a linear

Euler incremental method similar to the one

used in previous studies. Note that the large
deformation of the structure at initial state (i.e.,
& values up to 60%) resulted from the summa-
tion of these elementary incremental deforma-

tions (i.e., £<0.05%) (Argyris & Scharpf, 1972;
Crisfield, 1991; Wendling et al., 1999, 2000a).

Once linearized, eqn (3) becomes eqn (3):

symmetric
N Se o {dF;} = [K(Ui-)]- {dUi0)} + [C(U;-)] - {dU(0)}
L. €y : . (5) (3/)
Ne - Sr Ne - Sc 2 . . . .
Lo Al in which matrix coefficients [K(U;_;)] and

[

internal tension) in our model i.e., eqns (3) and

(5). Through the cosine dependence of matrix

terms appearing in eqns (4) and (5), the global

rigidity [K] and the damping [C] matrices both

reflect the spatial organization and the visco-

elastic properties of the structural elements.
Accordingly, the terms of [K] and [C] matrices
values are specific to each level of structural
deformation (i.e., ¢ defined as indicated below),
which was present in the range ¢ = 0% (i.e.,
reference state with no external force applied)—
60% (i.e., large deformation state). Therefore,

{duy =[1s — exp(~[Ci-1] '[Ki1] - dD)]-

[Ki1] ' {dFi},

[C(U;_1)], taken to be constant in this small
range of {dF;} and {dU;(¢)} variations, were
determined from the preceding equilibrium state
(subscript i — 17°), actually representative of
initial deformation, i.e., before performing the
undergoing creep test (subscript ““i””). Then, the
exact analytical solution of eqn (3) [or eqn (3)]
is given for each ‘‘actual” increment ‘i by
[Arnold, 1973; Coppel, 1965; Gantmacher, 1966;
see also Fung, 1981, scalar eqn (11), p. 43]:

(6)

which assumes zero nodal displacement at time
t = 0 and where I; represents the identity matrix
(dimension: [36 x 36]). The exponential-matrix
operator (dimension [36 x 36]) is defined as the
convergence of the Taylor series of the corre-
sponding matrix. Numerical points of creep tests
were obtained by solving eqn (6) for several
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incremental times (d¢), i.e. by calculating several
nodal displacements vs. time and verifying that
creep nodal displacements systematically con-
verged toward the non-viscous elastic solution.
Time constant (r) and apparent elasticity mod-
ulus (E) of the overall tensegrity structure were
obtained by (¢—1)-curve-fitting analysis (Kalei-
daGraph™ software) over a large range (i.e.,
& = 0—60%) of initial states of overall deforma-
tion (Fig.2). The curve-fitting analysis was
performed assuming an equivalent continuous
medium embedding the entire structure, i.e., a
cylinder of height and cross-sectional diameter
Ip. The apparent initial deformation (¢; = Al/l})
of the overall tensegrity structure was calculated
from the nodal displacement along the loading
axis (Al) divided by the length of a bar (/). This
equivalent continuous medium was assumed to
behave as a Voigt model submitted to a force
equivalent to that applied to the structure and
had a single elastic element in parallel with a
unique viscous frictional element (and thus a
single time constant) in the direction of the
applied force. Amongst the various curve fitting
tested such as logarithmic functions and a sum
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of exponentials functions with different time
constants, the simple Voigt model provided the
most satisfactory curve fitting of the numerical
data as shown in Fig. 2 (R*>>0.98). This Voigt
model was found to characterize the viscoelastic
behavior of the tensegrity structure during the
creep tests presently performed (i.e. the forces
are not cyclically applied but remain constant
after a step function of loading). In a recent
study, Fabry et al. (2001) have shown that both
elasticity (storage) and viscosity (loss) moduli
follow a power law of the forced frequency. In
the present creep tests, however, the power law
did not appear to be an appropriate curve-fitting
mathematical model to characterize the viscoe-
lastic behavior of the studied tensegrity struc-
ture, likely because, by contrast to mechanical
experiments in cells, elementary function of
constant loading was used. In addition, when
the vectors and matrices of eqn (6) are reduced
to scalars the actual eqn (6) corresponds exactly
to the creep function of a simple Voigt element.

We analysed the structural response in terms
of viscosity modulus (1) deduced from the values
of time constant (t) and apparent elasticity

1410 S T T T T T T T T T T
: X
-5 t
1210 F E
-5 ; E
T 110 ;* =
\E/ F
g -6t E
g 810 | y = (1-exp(-m0/m1)) * (0.0001/m2) E
g Value Error |
o 610—6 3 m1 7603229344 | 0.2808977 |1
= g m2 7.651943962 | 0.0891478 |
g % F Chisq 6.376324554e-13|  NA |3
7 a0 | R 0.9985663831 NA 3
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FiG. 2. Typical data obtained by simulation of creep tests performed with the 30-element tensegrity structure. The
numerical points ( x ) correspond to the time variation of the displacement in the direction of the force of nodal points which
are also the points of application of the forces. The curve fit was obtained assuming an equivalent continuous viscoelastic
“solid” (see section Methods) with a constant rigidity (m2) and a unique time constant (m1). Other curve fits were tested,
such as logarithmic functions and various sums of exponentials with different time constants, but none of them provided a fit
of the numerical data as good as present viscoelastic ““solid” (lower correlation coefficient R were obtained for the latter

curve fittings).
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modulus (E):
n=1txE. (7)

Viscosity modulus as a function of initial
global deformation was then analysed for
various initial states of deformation of the
overall tensegrity structure submitted to various
types of loading (extension, compression, shear
and torsion).

NON-DIMENSIONAL ANALYSIS

In order to analyze the time constant (r) and
viscosity modulus (1) of living cells at a
microscopic scale and to determine the scale
effect and dependence of the cellular mechanical
response on the specific properties of the
constitutive polymeric filaments, non-dimen-
sional quantities were defined by

Tw
% c
= ES) (®)
L* = i—};. )

The normalized elastic tension 7% which
corresponds to the elastic strain of the cables
(below, the term overall “deformation’ pertains
to the entire tensegrity structure while the term
local “‘strain” pertains to its constitutive ele-
ments) at the reference state, quantifies the basal
level of internal tension in the tensegrity
structure. The normalized length L* defines the
characteristic scale of the overall 30-element
tensegrity structure: the smaller L*, the smaller
the size of the structure, and thus, the smaller the
free-space volume in between the constitutive
elements (r, is the bar radius). Apparent
elasticity modulus (E), time constant (r) and
viscosity modulus () of the viscoelastic tenseg-
rity model were all normalized using the
mechanical properties of a given viscoelastic
cable, thus allowing an expression of the overall
properties proportional to the properties of
individual elements:

™= (10)

E
E*=_ 11
5 (11)

(12)

The normalized overall properties of the
tensegrity structure were studied in terms of
normalized length L* and normalized
elastic tension 7% of its constitutive elements

[eqns (7)—(12)].

Results

Normalized viscoelastic properties of the
overall tensegrity structure, i.e., apparent elasti-
city modulus E*, time constant t* and viscosity
modulus n*, resulting from numerical resolution
of constitutive equations of the model [eqns (8)—
(9)], are presented in Figs 3-7 as a function of
the initial value of global deformation ¢; as well
as the normalized properties of the constitutive
elements, i.e., length L* and internal tension 7*
at reference state. The use of non-dimensional
forms to describe the viscoelastic properties of
the tensegrity model illustrates a fundamental
property of tensegrity structures, i.e., the
viscoelastic properties of the overall tensegrity
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Fic. 3. Normalized elasticity modulus of the overall
tensegrity structure as a function of the global deformation
& obtained by numerical simulations of creep tests
performed for the four types of tested loading, i.e.
extension, compression, shear and torque. The low value
of maximal deformation tested in compression (g~ 20%) is
due to the fact that bars [6-11] and [3-7] or [5-10] get into
contact at this level of overall deformation (see also Fig. 1).
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FiG. 4. Normalized time constant * of the overall
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g obtained by numerical simulations of creep tests
performed for the four types of applied loading (extension,
compression, shear and torque). The creep curves obtained
were fitted with KaleidaGraph™ software which provides
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structure are proportional to the viscoelastic
properties of their constitutive elements. The
reported dependencies of the viscoelastic proper-
ties of the model are expressed in terms of
power-law of constitutive element properties in
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F1G. 6. Normalized viscosity modulus #* of the overall
tensegrity structure as a function of the normalized element
length (corresponding to the size of the structure) L*, (i) at
given values of initial global deformation (¢;~30%) and
initial internal tension (7* = 0.25) for shear and extension
in (a); (i) for extension force applied and three different
values of global deformation (g; ~ 5%, 15% and 30%). Note
that the curves show a systematic negative logarithmic
slope (—2) regardless of the type of loading applied and the
values of global deformation ¢. The values of overall
viscosity modulus are always greater (by a factor of 4-5) in
extension than in shear regardless of the value of L*.

Table 1. Note that the present elasticity results
were obtained under attachment and loading
conditions which partly differed from those
previously studied by Wendling et al. (1999),
namely stretching in the direction of the bars
with four fixed bottom nodes in the present
study, instead of stretching at an angle of 45°
from the initial direction of the bars with three
attached nodes in previous study (Wendling
et al., 1999).
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FiG. 7. Normalized viscosity modulus #* (a) and time
constant t* (b) of the overall tensegrity model as a function
of the initial internal tension 7%. Viscosity modulus #* is
shown to increase non-significantly (logarithmic slo-
pe~ +0.1) with increasing 7% and at given value of L*
(L* = 100) regardless of the level of initial global deforma-
tion of the structure (a). The corresponding time constant
7* decreases as the internal tension 7% increases, with a
significantly negative logarithmic slope (—0.6) and at a
given value of global structure deformation (g ~30%)
regardless of the normalized element length L* (b).

DEFORMATION DEPENDENCE OF THE
VISCOELASTIC RESPONSE

The variations of the normalized apparent
elasticity modulus E* of the overall tensegrity
structure for the four types of tested loading
were analysed vs. initial deformation ¢; of the
structure and for a given couple of L* and T*
values, i.e., L* = 100 and 7% = 0.25 (see Fig. 3).
Extension and compression curves (upper
curves) show that E* remains proportional to
initial deformation ¢;, while shear and torque
curves (lower curves) exhibit a nonlinear increase
of E* with ¢;. Values of normalized elasticity
modulus (E*) appear therefore always higher in
extension than in shear, with a ratio close to
three at very low deformation values (~0.05%).
This result suggests that the mechanical behavior
of the tensegrity structure, in this small range of
deformation, roughly mimics a continuous
medium, i.e., the Poisson’s ratio (v) approaches
a typical value of 0.5 while remaining slightly
above (see the Appendix and Table 2). Inciden-
tally, at higher values of ¢;, the Poisson’s ratio of
the tensegrity model (v) is not constant and
always greater than the standard Poisson’s ratio
of a continuous medium, i.e., v>0.5 (see Table 2
and the Appendix). Present results obtained in
specific attachment conditions are qualitatively
similar to those previously obtained by Wend-
ling et al. (1999), except for compression, for
which the structure compressed in the direction
of bars undergoes a stiffening process instead of
a softening process obtained in previous study.
Nevertheless, the one-order-of-magnitude differ-
ence in elasticity moduli observed between

TABLE 1
Extension Shear L* T*

& = 5% & = 50% e = 5% & = 50% Extension Shear Extension Shear
E* 0.0016 0.0026 0.0004 0.0006 oc L*72 oc L*2 oc T#03 oc T*07

Fig. 3 Fig. 3 Fig. 3 Fig. 3 not shown not shown not shown not shown
* 0.22 0.47 0.72 0.40 oc L*0 oc L*0 oc T#702 oc T*-0:6

Fig. 4 Fig. 4 Fig. 4 Fig. 4 not shown not shown not shown Fig. 7(b)
n* 0.0003 0.0012 0.0003 0.0002 oc [*2 oc L*2 oc T*01 oc T*0-1

Fig. 5 Fig. 5 Fig. 5 Fig. 5 Fig. 6 Fig. 6 not shown Fig. 7(a)
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TABLE 2

Overall initial deformation ¢; (%) Poisson’s ratio

0 0.59
10 1.44
20 2.19
30 2.28
40 1.78

present study (i.e. E*~107° in Fig.3) and
previous tensegrity study (ie. E*~107* in
Wendling et al., 1999) may be attributed to the
differences in the specific stretching and attach-
ment conditions.

The corresponding variations of the normal-
ized time constant t* vs. initial deformation ¢;
are presented in Fig. 4 for the four types of
loading tested and L* = 100,7* = 0.25. The
values of 7™ are quasi systematically less than
1, although never less than 0.2, ie. 7>20%7,,
indicating that spatial displacement of constitu-
tive elements contributes to make shorter the
time response of the overall structure regardless
of the individual element response. For torsion
and shear, the normalized time constant de-
creased continuously as ¢; increased (up to the
studied limit of ¢; = 60%), whereas for compres-
sion, time constant increased slightly from ¢; =
0% to 20%. Note that, for compression, the
structure cannot be deformed beyond 20% due
to contact between horizontal bars [6-11] and
[3-7] or [5-10]. For extension, the values of the
time constant t* rapidly increased in an inter-
mediate range of ¢ (=13-22%) to reach, in the
range ¢ (=22-60%), values which are twice
those obtained in the lower range of ¢ (=
0-13%). A transient loss of the pretension in
the four upper cables between ¢; ~ 13% and 22%
during extension explains the singular slope
variations of the (t* — ¢;) curve observed in the
13-22% range of ¢; in Fig. 4.

The relationships between the normalized
viscosity modulus #* [see eqn (7)] and ¢; are
presented in Fig. 5 for the four different types of
loading tested and the same L* and T* values.
The normalized viscosity modulus #* varies
slowly with ¢ except for extension where n™*
increases with g. In relation to the t*-increase
with ¢ (Fig. 4), slope variations of the (t* — ¢;)
curve are observed in the range & ~13—22%.

Interestingly enough, values of #* much lower
than 1, illustrate a typical behavior of the model,
i.e., the spatial rearrangement of constitutive
elements largely contributes to the reduction
of dissipated energy compared to individual
elements.

LOCAL PROPERTIES DEPENDENCE OF THE
GLOBAL VISCOELASTIC RESPONSE

The normalized viscosity modulus #* of the
tensegrity model was studied as a function of the
local parameter L*(i) for fixed values of &(=
0.30), 7*(=0.25), and two types of loading:
shear and extension [Fig. 6(a)], and (ii) for three
levels of deformation & (=0.05, 0.12, 0.28), a
fixed value of T* (=0.25) and extension loading
[Fig. 6(b)]. The (n* — L*) relationships, plotted
on a double-logarithmic coordinates, exhibit a
linear behavior with a slope of —2, indicating an
exact L*2-dependence of n*, both in shear
and in extension [Fig. 6(a)] but with values of
viscosity modulus in shear 4-5 times lower than
those in extension (Fig.5). This L* 2-depen-
dency seems to be not affected by the degree of
initial deformation ¢; studied [Fig. 6(b)]. This
L*2-dependence of * can be associated with the
L*2-dependence of E* observed in the present
study as in previous tensegrity studies (Wendling
et al., 1999, 2000a, b) meaning that time constant
of the tensegrity structure response is indepen-
dent of the parameter L* (not shown).

The normalized viscosity modulus n* was also
studied in shear as a function of the elastic cable
strain T%*, for a fixed value of normalized bar
length L* (=100) and for three different values
of initial structural deformation ¢; (=0.05, 0.15,
0.25) [Fig. 7(a)]. The (*— T*) relationships
plotted on semi-logarithmic coordinates seem
to be not dependent on the initial structural
deformation ¢ and exhibit almost zero slope
which expresses a negligible effect of 7% on 5*
[Fig. 7(a)]. Still in shear, the time constant of the
overall structure, t*, was plotted on double-
logarithmic graph vs. T%*, for two values of L*
(=100 and 1000) and a given value of initial
structural deformation ¢ (=0.30). It appears
that t* decreases with a slope of —0.6 as initial
cable strain 7 increases [Fig. 7(b)]. The corre-
sponding E*—T* relationships found in the
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present study qualitatively resemble the data
reported in previous tensegrity studies by Wend-
ling et al. (1999, 2000a), i.e., a slope close to 0.5
on double-logarithmic coordinates. Precise
values of E* — T™* slope are given in Table 1
which reveals that the 7%*-dependence of E*
roughly compensates that of t*, in agreement
with Fig. 7a.

Table 1 summarizes the above results and can
be used to predict the quantitative relationships
between the viscoelastic properties (E*, n*, t*) of
the overall tensegrity structure and the mechan-
ical and geometric parameters (7%, L*) of the
constitutive elements (cables and bars). The 7*-
dependence of E* varies over the range {0.3-0.7}
and the T*-dependence of t* varies over the
range {—0.2;—0.6}, indicating that #* remains
quasi independent on T,

Discussion

The present study constitutes a first attempt to
establish normalized power laws (summarized in
Table 1) governing the relationships between the
global properties of a cellular viscoelastic ten-
segrity model (E™*, #*, 7*) and the local properties
of its constitutive elements (i.e. 7%, the cable
strain and L*, the normalized element length,
both defined at reference state). These power
laws are indeed nonlinear and characterize, in
the privileged direction of loading and for a wide
range of (i) element properties and (ii) initial
states of global deformation, the overall effect
on time constant, viscosity and elasticity of the
three-dimensional rearrangement of the struc-
ture. Because of the similarities in viscoelastic
behavior observed between tensegrity models
and living adherent cells, it can be concluded
that the present approach may provide a first
quantification of the structural basis of cellular
viscoelasticity.

STRUCTURAL ORIGIN OF CELLULAR
VISCOELASTICITY

Although cellular viscosity has been observed
in many micromanipulation experiments in
living cells (Butler et al., 1991; Evans & Yeung,
1989; Fredberg & Stamenovic, 1989; Fung, 1981;
Heidemann et al., 1999; Hochmuth & Waugh,
1987; Laurent et al., 2002; Mathur et al., 2000;

Nemoto, 1982; Ragsdale et al., 1997; Satcher &
Dewey, 1996; Sato et al., 1990; Thoumine &
ott, 1997; Valberg & Albertini, 1985;
Wang & Ingber, 1994; Yamada et al., 2000),
the exact nature of the viscous dissipation
process is not well understood. Some authors
consider that viscous mechanisms are associated
with shear stress in the cytoplasmic fluid (Fung,
1981; Fung & Liu, 1993; Heidemann et al.,
1999). Some others consider that cellular friction
and cellular elasticity are both supported by the
actin-filament network within the CSK (Satcher
& Dewey, 1996). Accordingly, recent dynamic
measurements on human airway smooth
muscle cells suggest that frictional stresses,
which cause mechanical energy dissipation
through the cell, do not arise from cytoplasmic
fluid flow, but rather are coupled to the elastic
stresses associated with cytoskeleton distortion
(Maksym et al., 2000). On the whole, the
physical origin of cellular friction remains an
open question and none of the previous studies
have provided clear explanations of how the
CSK-structure dissipates energy in the course of
spatial filament reorganization. Another related
question is to whether pre-stress influences the
cell viscoelastic response as already shown for
the purely elastic response (Wendling et al.,
1999, 2000a, b). Although the present study does
not pretend to examine the various mechanisms
susceptible to dissipate energy within the cell
cytoplasm, it permits a first quantification of
the contribution of spatial redistribution of
CSK-elements on cellular viscosity.

Present results suggest that the effect of spatial
redistribution of CSK-elements on the viscoelas-
tic cellular response can be predicted on the basis
of the spatial viscoelastic tensegrity model.
Based on the results obtained and in agreement
with a volumetric fraction of constitutive ele-
ments which, in any case, remains much smaller
than the volume occupied by the tensegrity
structure, the global cellular mechanical proper-
ties are expected to be systematically smaller
than local properties of the elements (Wendling
et al., 1999, 2000a,b). Interestingly, previous
experimental observations are consistent with
this prediction, i.e. values of cellular viscosity
(up to 10°-10*Pas, see Fig.8) and cellular
elasticity (up to 10*-10°Pa, see Fig. 12 in
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Fic. 8. Effect of actin filament depolymerization on
CSK-viscosity of cultured A549 epithelial cells assessed by
magnetic twisting cytometry. Viscosity values were estab-
lished from the product of stiffness (stiffness data have
already been published in Wendling er al., 2000a) and
relaxation time constant, for different levels of applied
stress. Depolymerization of actin filaments was obtained by
adding c?/tochalasin D to the culture of epithelial cells
(1 pgml ") during 20 min. Note that, at any given stress, the
CSK-viscosity was not significantly modified by the F-actin
depolymerization. Each value is a mean+SD over n =6
wells. A549 epithelial cells were plated at a density of
30 x 10°cellswell ' and incubated for 24 hr. RGD-coated
ferromagnetic beads were then added to the cells. The well
was placed in the magnetic twisting cytometer. A brief
0.15T magnetic pulse was applied to magnetize all surface-
bound beads in a unique horizontal direction, and a
magnetic torque was then generated by applying an
orthogonal homogeneous magnetic field (<6.3mT). Asso-
ciated changes in angular strain of beads were measured by
an on-line magnetometer. CSK-stiffness was defined by the
ratio of applied stress to angular strain and viscosity was
obtained by the product of time constant and stiffness.

Maksym et al., 2000) are both several orders
of magnitude smaller than reported values of
F-actin viscosity (Janmey et al., 1991; Janmey
& Stossel, 1988) and elasticity (Kojima et al.,
1994).

Another important behavior that can be
predicted from the spatially redistributed struc-
ture is the role of internal tension (pre-stress) on
cellular mechanical properties. While tensegrity
elasticity modulus was shown to increase with
increasing internal tension, viscosity modulus
remains almost constant when internal tension
changes [see Table 1 and Fig, 7(a)]. Mathema-
tically, the non significant 7*-dependence of
n*(oc T*t%1) can be related to the absence
of pre-stress-related geometric matrix in the
damping “‘viscosity’”” matrix [see eqn (5)], while

the overall rigidity matrix is a Boolean sum
of elementary geometric matrix and elastic-
rigidity matrix [see eqn (4) and Wendling ef al.,
1999, 2000a)], hence the T™*-dependence of
E*(oc T*03). However, the biological relevance
of this result is unclear. In a previously published
study, experimental measurements of rigidity
modulus in cells were obtained using step
twisting magnetic cytometry (Wendling et al.,
2000a). In this study, the alteration in pre-stress
(internal tension) was modeled by treating cells
with low concentrations of cytochalasin D,
which tends to depolymerize actin filaments,
resulting in a strong alteration in cellular
elasticity modulus (Wendling et al., 2000a). In
the present study, we reanalysed these cellular
data in order to extract the viscosity modulus
and the time constant, thus extending earlier
results. Values of cellular viscosity modulus
obtained for three levels of applied stress are
plotted in Fig. 8, for treated and untreated cells.
As predicted by the tensegrity model, the
decrease in CSK internal tension induced by
microfilament depolymerization did not signifi-
cantly affect the cellular viscosity modulus (see
Fig. 8). Similar results were also found by Wang
(1998) but the level of stress applied to the cells
remained unchanged. Noteworthy, the use of
various levels of applied stress (as in Fig. 8) not
only extends Wang’s results, but also allows to
discuss the CSK-response in terms of thickening
or solidifying process, as explained below. Note
that, although we used a drug concentration ten
times higher than that in Wang’s study (i.e.,
0.1ugml™' in Wang’s study and 1pgml™' in
present study), it has been suggested, based on
microscopic observations, that disruption of
actin filament network and particularly of stress
fibers lattice was not obvious (Wendling et al.,
2000a). This means that cellular structural shape
may not be significantly altered, while cellular
internal tension would severely drop secondary
to cytochalasin-D treatment (Wendling et al.,
2000a). By contrast, in another study, Wang
& Ingber (1994) suggested that increasing cell
spreading would produce a higher cellular
tension which could increase cellular viscosity.
However, present results obtained in extension
reveal that structural viscosity tends to increase
as initial strain increases (which can be seen as
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mimicking an increase in cellular spreading),
while increasing initial internal tension was not
needed. In other words, the increase in cellular
viscosity and cellular tone observed by Wang
and Ingber could indeed be attributed to the
increase in heterogeneity of the internal tension
distribution throughout CSK-elements in more
spreading cells, although other factors could also
be mentioned such as the increase in the number
and the strength of activated stress fibers in more
spread cells (Wang & Ingber, 1994; see also
present Fig. 5). In addition, very recent experi-
mental findings obtained in smooth muscle cells
with oscillated beads (Stamenovic et al., 2002)
have shown that the storage elastic modulus
(G', corresponding to elastic stresses, propor-
tional to the stored mechanical energy) and loss
elastic modulus (G”, corresponding to frictional
stresses, proportional to dissipated mechanical
energy, viscosity being determined as the ratio
of loss modulus to angular velocity: n = G”/w),
both increased linearly with the level of cell
contractile pre-stress (P) pharmacologically
modified by providing graded doses of either
relaxant agonist or contractile agonist. Strictly
speaking, such a linear pre-stress (P)-dependence
of loss modulus G” (i.e. G” oc P) experimentally
founded by Stamenovic et al. differs from the
(¥ oc T**N)-predictions given by the viscoelas-
tic-tensegrity model presently studied, consider-
ing that P and T* are by definition linearly
related. These authors noticed, however, that the
linear pre-stress dependence was found to be
much smaller for the loss modulus than for the
elastic modulus, which was expressed by a
prefactor 4 times smaller for the loss modulus
than for the elastic modulus. Note that the
smaller pre-stress dependence of the loss vs. the
storage elastic moduli which characterizes these
experimental data qualitatively agrees with the
mean prediction of our viscoelastic-tensegrity
model (i.e. T*t%! for #* versus T%%5 for E*, see
Table 1). A better insight of the tensegrity
relevance can be obtained by fitting experimental
data [i.e. those in Fig. 5(A) in Stamenovic et al.,
2002] wusing hyperbolic functions. Curve
fitting with correlation coefficients R>>0.9
could be obtained for G = 5.64P™03% and G’ =
9.46P*%°, which shows that experimental data
remarkably agree with tensegrity-model predic-

tions (see Table 1 for comparison) for the
storage elastic modulus while the agreement is
less obvious for the loss modulus results. Note
that the pre-stress values used by Stamenovic
et al. lie in a limited range of variation (one
cycle) which justifies the linear regression
assumption. A residual important difference
between the Stamenovic et al. study and our
theoretical study might reside in the definition of
pre-stress. In the present study, as in our
previous studies (Wendling ez al., 1999, 2000a),
we defined the pre-stress by the normalized
internal tension, 7%, a local parameter which
corresponds to the initial extension of the
constitutive cable of tensegrity structure, while
in Stamenovic et al. (2002), the pre-stress, P, is
global and corresponds to the total stress
deduced from the resultant force (per unit area)
exerted by all tensile elements on a gel substrate
across a transsectional area of the cell (see also
Wang et al., 2002). More generally, the predic-
tions obtained from the viscoelastic-tensegrity
model should be modulated by the definition of
the pre-stress and by the magnitude of pre-stress
value considered. These differences, in addition
to a number of mechanisms discussed by
Stamenovic et al. (2002) (e.g., CSQ remodeling,

nonlinear rheological properties of CSK-
filament networks, friction arising between
filaments, actomyosin kinetics), might also

contribute to explain the measurable effects
of pharmacologic drugs on loss modulus in the
above smooth muscle cell experiments while
depolymerization effects were not found signifi-
cant in epithelial cells (Fig. 8).

As expected from the definition of the normal-
ized time constant [eqns (7,10-12)], * is in-
dependent on the structure size L*, but depends
on T*: the higher T*, the smaller t* (see results
in Table 1). Because the time constant related to
the viscoelastic-tensegrity model always remains
smaller than the time constant of the viscoelastic
elements whatever be the initial global deforma-
tion ¢ (i.e., 1072 <1*<10%)—except in the case
of torsion and at very small values of ¢—it can
be said that a more tensed tensegrity structure
has a faster response than a less-tensed structure,
which tends to weakens the viscous effects.
This tensegrity-model behavior indeed charac-
terizes the structural viscoelasticity of spatially
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rearranged pre-stressed systems of very
different sizes and element properties including
those encountered at the microscale in
living cells.

It should be stressed that both cellular
viscosity (presented in Fig.8) and cellular
elasticity moduli [Fig. 6(a) in Wendling et al.,
2000a] appear to agree with the theoretical
predictions given by the viscoelastic-tensegrity
model. Moreover, the stress-dependence of
cellular viscosity modulus shown in Fig. 8
suggests that the CSK-structure exhibits a
stress-thickening behavior which can be pre-
dicted by viscoelastic-tensegrity model during
extension (Fig. 5). This stress-thickening beha-
vior exists in parallel to the largely reported
stress-stiffening behavior [see also Fig. 6(a) in
Wendling et al., 2000a] and was not indicated in
previous study (Wang, 1998). Incidentally, the
decrease in time constant, observed with increas-
ing the initial internal tension [Fig. 7(b)], reflects
a tone-associated ‘‘solidifying” behavior of the
tensegrity structure.

Recent results obtained by Maksym et al.
(2000) also appear not to contradict the predic-
tions given by the viscoelastic-tensegrity model.
Indeed, addition of cytochalasin D to human
airway smooth muscle cell culture resulted in a
great decrease in the storage elastic modulus (G’)
while the loss frictional modulus (G”) was found
to remain roughly constant (see Fig. 10 in
Maksym et al., 2000) in agreement with present
results. Moreover, to describe the coupling
between frictional energy loss and elastic energy
storage, Fredberg and Stamenovic proposed to
estimate the so-called hysteresivity h(= G”/G’),
to better characterize the biological material
(Fredberg & Stamenovic, 1989). Hysteresivity
has been found to increase considerably in
treated cells (Maksym et al., 2000). An alternate
definition of hysteresivity is 2 = 7 X w, showing
that dimensions of time constant 7 and hyster-
esivity / only differ by “s~'”. Although in the
present study, the forces are not exerted at a
characteristic forced frequency (creep tests), the
so-called hysteresivity can, in that case, be
attained by dividing the global time constant
by a second characteristics time, e.g., the local
one. Consequently, the normalized time constant
(t*), defined in eqn (10) plays, in the present

transient conditions, a role equivalent to that of
hysteresivity 4 in oscillatory conditions. It is
remarkable that the ‘‘cytochalasin D’’-depen-
dence of G’, G” and & measured in living cells by
Maksym et al. (2000) could advantageously be
explained by the T*-dependence of E* n*, and
7*, which characterizes the structural viscoelas-
ticity, as predicted by the viscoelastic-tensegrity
model presently studied.

In summary, the strong analogies between the
cell-mechanical behavior and the tensegrity-
structure behavior suggest that both elastic and
dissipative properties measured in living cells are
intrinsically related to the CSK-structure, thus
confirming the assumptions of previous authors
(Janmey er al., 1991, 1989; Janmey & Stossel,
1988; Maksym et al., 2000; Satcher & Dewey,
1996). It means that the viscoelastic properties of
certain CSK-elements, e.g., the actin filaments,
in conjunction with their spatial rearrangement
might govern cellular viscoelastic properties,
which does not exclude other possible dissipative
mechanisms arising from the other components
of the cytoplasm such as the nucleus (Caille et al.,
2001) or the membrane.

BIOLOGICAL RELEVANCE OF TENSEGRAL
VISCOELASTICITY

Previous studies performed on tensegrity
structures with purely elastic elements have
revealed that living cells and tensegrity models
share a number of common structural and
mechanical features (Coughlin & Stamenovic,
1997; Stamenovic et al., 1996; Volokh et al.,
2000; Wendling et al., 1999). We are aware that
studied tensegrity models are based on a number
of simplifying assumptions compared to the
complexity of the CSK-network, e.g., smaller
number of elements, homogeneity of their
properties, limited number of interconnections
and simplified loading conditions compared to
physiological conditions. However, it has been
argued that simplified tensegrity structure could
yet be representative of more complex tensegrity
structures (Kebiche et al., 1996; Mohri & Motro,
1993), while theoretical results confirm that main
features, e.g., the L*; T*; g-effects, of different
tensegrity models even studied in a variety
of attachment and loading conditions, do not
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fundamentally diverge (Wendling et al., 1999,
2000a,b). Concerning the simplified loading
conditions, it can be said that every complex
force applied by the environment on the cell
could be decomposed as the sum of elementary
forces such as those presently studied, and that
such an analysis would anyway require a proper
evaluation of elementary stresses such as the one
presently done.

We focus in this study on the viscoelastic
dissipation in a cellular-tensegrity model which
is induced by the spatial rearrangement of
viscoelastic elements. Structural pre-stress arises
from a tension in viscoelastic elements which is
counterbalanced by compression in rigid bars. It
has been recently shown that various polymeric
elements are able to support even opposed
mechanical efforts (Ingber & Karp, 1991;
Heidemann & Buxbaum, 1990; Ingber, 1993),
basically tension in actin filaments and compres-
sion in microtubules. Initial studies on CSK
biopolymer solutions have demonstrated the
viscoelastic behavior of actin filaments which
appear to be the major CSK-components
responsible for cellular viscosity (Janmey et al.,
1991, 1989; Janmey & Stossel, 1988). Recent
studies have shown that isolated stress fibers
behave as truly contractile structures, even once
separated from the contractile cell cortex (Katoh
et al., 1998). Indeed, in living cells, internal
tension may be generated actively in the cell’s
actomyosin-based contractile apparatus or pas-
sively by distension of actin filament due to
external forces applied through extracellular
adhesions. On the other hand, microtubules,
whose solutions also appear viscoelastic, would
rather behave as rigid rod-like polymers when
they are crosslinked with other CSK-filaments,
e.g., intermediate filaments, which could con-
straint the buckling effect (Janmey ez al., 1991;
Brodland & Gordon, 1990). Moreover, it is not
obvious that forces transmitted at the cellular
scale level are sufficient to permit microtubule
buckling (Stamenovic & Coughlin, 1999). In a
recent study using traction force microscopy,
Wang et al. (2001) have firmly demonstrated that
microtubules bear compression and are thus
responsible for a significant portion of cellular
pre-stress. More generally, the living cell is in
constant interaction with its close microenviron-

ment, and the system constituted by the ‘“ad-
herent cell structure” coupled to ‘““a relatively
non-flexible ECM” would then behave as a pre-
stressed viscoelastic structure (Wendling et al.,
2000a). Thus, it is to notice that at different scale
level, a variety of elements are also able to
support local compression such as the integrin
complex linked to the non-flexible ECM (Ingber,
1997; Ingber et al., 1994). The tensegrity model
precisely takes into account the interconnected-
ness between the two different types of CSK-
substructures including tensed viscoelastic
elements and compressed ‘rigid” elements.
Considering that viscoelastic elements may
represent actin assemblies, it has been shown
that actin filament can be stretched up to
20% without disruption (Janmey et al., 1991),
whereas wider actin stress fibers, which are
known to represent a prototype of striated
muscle sarcomere, can be elongated up to 80%
(Fung, 1981; Katoh et al., 1998). Noteworthy,
these values of deformation of actin material
typically appear in the range of values for initial
cable strain used in the viscoelastic-tensegrity
model (i.e., 0.05<T*<L1).

SCALE EFFECT ON VISCOELASTIC PROPERTIES OF
THE CELLULAR-TENSEGRITY MODEL

The present study demonstrates that both
structural viscosity and structural elasticity are
similarly affected by the structure size, i.e., L* -
dependency, similar to the scaling law reported
for elasticity by previous authors (Wendling
et al., 1999, 2000a, b). This property can be used
to determine the scaling effects, depending on
the size at which cellular mechanical properties
are probed. To understand the large scatter of
experimental data often reported in living
adherent cells concerning the CSK viscosity
modulus measured by different techniques, we
followed an approach similar to Maksym et al.
for cellular elasticity (Maksym et al., 2000).
We thus attempted to relate typical viscous
properties, measured in living adherent cells
by different techniques, to the size of probes.
Results are plotted in Fig. 9. Although the
techniques differed in many other aspects, e.g.,
loading conditions, type of cells and adhesive-
ness to the support, we compared in Fig. 9, data
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FiG. 9. Experimental cellular viscosity moduli obtained
by magnetic techniques, issued from the literature are
compared in the same plot. Ragsdale er al.' (1997)
measured cytoplasmic deformation from observations
of displacement of fluorescent beads microinjected into
the cytoplasm of Swiss 3T3 fibroblasts, in response to
tensile stress exerted by centripetal contraction of neigh-
boring cells. Valberg & Albertini> (1985), Valberg &
Feldman® (1987) and Nemoto* (1982) used magnetized
spherical microbeads that were initially phagocytosed by
the tested cells and then mechanically stressed using
magnetic tweezers. Laurent e al.’ (2002) used silica beads
specifically bound to transmembrane adhesion proteins that
are directly related to the actin CSK and then mechanically
stressed using optical tweezers. Other authors used ferro-
magnetic spherical microbeads specifically bound to trans-
membrane adhesion proteins of the tested cells which were
mechanically stressed using magnetic twisting cytometry
(step MTC)*"® (Wang & Ingber, 1994, this study, Wang,
1998) or magnetic oscillatory cytometry (oscillatory MTC)
(Maksym e al., 2000)°.

exclusively obtained with techniques in which
probes are specifically attached to the CSK-
structure.

Confirming early results reported by Valberg
& Albertini (1985), variations in probe size
(range: 0.2-5.5um) appear to have a predomi-
nant effect on cellular viscous measurements
which seems to be correlated with the prediction
of the tensegrity model characterized by a L*~2-
dependence of n*, with L* equal to the main
characteristic dimension of the CSK-probe (see
Fig. 9). It appears that the reported values of
viscous modulus in living adherent cells con-
siderably decrease as probe size increases as did
elasticity values in Fig. 12 of the recent paper by
Maksym et al. (2000). Note that the lower
cellular viscosity value plotted in Fig. 9 corre-
sponds to magnetic twisting cytometry and
could therefore be underestimated for several
reasons similar to the one presented to explain

the underestimation of E* in separate papers:
(Laurent ez al., 2002); Wang, personal commu-
nication; (Fabry et al., 1999; Maksym et al.,
2000). Results shown in Fig. 9 suggest that the
viscoelastic properties of living cells obtained
with different techniques could be partly re
unified by the tensegrity concept. Since the size
parameter cannot summarize the effect of several
other factors likely influencing the cellular
mechanical response, e.g., CSK-remodeling and
cell environment, further studies remain neces-
sary to investigate the whole phenomena influ-
encing the dispersion of experimental data.

In conclusion, the present study supports the
mechanical usefulness and biological relevance
of the tensegrity concept used to predict the
structural origin of cellular viscoelasticity and
brings a new confirmation that spatial rearran-
gement of structural viscoelastic elements con-
stitutes a significant mechanism to understand
the CSK mechanical response of living cells.
Future cellular models would advantageously
incorporate spatial rearrangement as a mechan-
ism capable of explaining and predict the
mechanical results in a wide variety of physio-
logical and pathological cellular conditions.

We are indebted to Professors J.J. Fredberg, and
N. Wang (Harvard School of Public Health) for
helpful discussions.
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APPENDIX

The constitutive law of an elastic isotropic
medium is given by the following equation:

o= ATr(e)l + 2pue, (A.1)
where o is the stress tensor, g is the resulting
strain tensor, 1 is the identity tensor and 4 and u
are, respectively, the first and second Lame
coefficients, which are related to the Young
and shear moduli by classical relations shown
below:

E

(A.2)
In the case of isotropic elasticity, one may

write:
_on

E=—,
€11

(A.3)

&2
V="
€11

(A.4)

where subscript 1 and 2 refer to the longitudinal
and transverse directions in the studied medium,
respectively.
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Equation (A.4) indicates that during exten-
sion, as length of a given sample of the medium
increases, transverse dimension decreases, lead-
ing to a positive Poisson’s ratio. Note that a
negative Poisson’s ratio would correspond to an
increase in the sample thickness whereas sample
length increases.

Furthermore, for an isotropic elastic contin-
uous medium (whose constitutive laws derive
from a quadratic potential), v obeys the follow-
ing conditions:

—l<v<i. (A.5)

If the Poisson ratio happens to be greater than
0.5, the studied material is not an isotropic
continuous medium.

The present values of v obtained for the
tensegrity model (summarized in Table 2) do
not obviously correspond to an elastic isotropic
continuous medium, consistently with the dis-

crete nature of the structure. Incidentally, the
present values of the global Poisson’s ratio differ
from those obtained in a previous study on
a similar tensegrity structure (Stamenovic &
Coughlin, 1999). This result is not surprising
because both nodal attachment and type of
loading in the latter study completely differed
from the present study: Stamenovic and Cough-
lin do not attach the tensegrity structure to a
substratum, but simulate a stretching effort
which consists in pulling apart two parallel
bars which results in an inflation of the global
tensegrity structure evidenced by the higher
spacing between parallel free bars, hence the
negative values of v was found, as explained
above. By contrast, the extension mode and
attachment conditions used in the present
study do not result in such an inflation of
the structure, hence the positive values of v
presently found.
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