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Abstract Cellular adhesion forces depend on local bio-
logical conditions meaning that adhesion characterization
must be performed while preserving cellular integrity. We
presently postulate that magnetic bead twisting provides an
appropriate stress, i.e., basically a clamp, for assessment in
living cells of both cellular adhesion and mechanical proper-
ties of the cytoskeleton. A global dissociation rate obeying a
Bell-type model was used to determine the natural dissoci-
ation rate (K 0

off ) and a reference stress (σc). These adhesion
parameters were determined in parallel to the mechanical
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properties for a variety of biological conditions in which
either adhesion or cytoskeleton was selectively weakened or
strengthened by changing successively ligand concentration,
actin polymerization level (by treating with cytochalasin D),
level of exerted stress (by increasing magnetic torque), and
cell environment (by using rigid and soft 3D matrices). On
thewhole, thismultiscale evaluation of the cellular andmole-
cular responses to a controlled stress reveals an evolution
which is consistent with stochastic multiple bond theories
andwith literature results obtainedwith othermolecular tech-
niques. Present results confirm the validity of the proposed
bead-twisting approach for its capability to probe cellular and
molecular responses in a variety of biological conditions.

Keywords Integrin-RGD binding · Dissociation rate ·
Multiple bonds · Clamp · Viscoelastic model

1 Introduction

Understanding cellular function at the molecular level is one
the key challenges of modern biology. Whole cellular prop-
erties, e.g., shape, mechanical properties, as well as cellular
response to chemical andmechanical cues, are all tightly cou-
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pled to and thus dependent on molecular mechanisms (Zhu
et al. 2000). These molecular mechanisms develop (i) in the
three-dimensional protein network called the cytoskeleton
(CSK), giving rise to specific dynamic intracellular prop-
erties (in terms of adaptability, internal tension, stiffness,
frequency response, remodeling), (ii) in the two-dimensional
lipid bilayer which forms the membrane, i.e., a structure in
constant interaction with extracellular matrix (ECM) and
the neighboring cells. The bindings between major CSK
filaments and the membrane appears essentially weak and
transient (Janmey 1995). An appropriate model is to con-
sider that cells assemble complexes of various proteins and
primarily integrins at discrete points where the cytoskeleton
attaches to the membrane, e.g., the focal adhesion sites in tis-
sue cells (Burridge et al. 1988). These molecular complexes
form a well-identified force-transmitting physical bridge
which also acts as an effective force-sensing pathway. The
cell respond to mechanical stress by molecular reinforce-
ment through receptor–ligand binding, clustering, and active
CSK rearrangement, through specific signaling pathways and
effectors (Zhu et al. 2000). Hence, changing the number of
bonds is an efficient way to control the strength of non-
covalent bonds which are weak by nature and thus need to
work together to resist force. Increasing bond number can
be seen as a key mechanisms of reinforcement of weak non-
covalent receptor–ligand bonds which is controlled by an
active membrane-specific control of binding and clustering.

Nevertheless, single-molecule force spectroscopy exper-
iments performed on the surface of living cells are unable
to attain the ligand receptor stabilization mechanisms that
occur within structured adhesion sites. One reason is that
integrin clustering and focal adhesion maturation leading
to the formation of parallel and multivalent ligand–receptor
bonds may thereby deeply modify the effective lifetime of
the integrin–ligand interactions (Schoen et al. 2013). Thus,
there is a crucial need to investigate mechanical interactions
of cells and their surrounding matrix in well-defined and
realistic physiological conditions such as the in vitro culture
conditions. This is a challenging problem because complex
bond association needs to consider new influencing para-
meters such as the bond configuration or the bond number
as done in the present approach. Moreover, measuring cell
mechanical properties embedded in a 3D matrix constitutes
another challenge since classical microscopic or microma-
nipulation techniques cannot be used.

To demonstrate that the classical magnetic bead-twisting
cytometry method (MTC) initially invented by Wang et
al. (1993) is capable to overcome these recurrent difficulties,
we performed experiments with MTC in some emblem-
atic epithelial cells exhibiting a phenotype similar to type
II pneumocytes, (i.e., A549 cell lines), cultured them in
different well-controlled physicochemical conditions sus-
ceptible to alter either adhesion or mechanical properties or

both. These data are analyzed to estimate whether or not
the method provides meaningful estimate of adhesion para-
meters and cell mechanical properties. Because the binding
between intra- and extracellular mediums appears weak by
nature, the cell response was partitioned between a peri-
cellular binding behavior, i.e., the cellular adhesion, and
an intracellular binding behavior, i.e., the cellular structure.
The evolution of kinetic adhesion parameters and mechani-
cal properties is then measured by: (1) altering the adhesion
strength by increasing or decreasing ligand concentration at
the bead surface, (2) altering CSK integrity by treating cells
with cytochalasin D, (3) stimulating the stress-hardening
response by increasing the exerted torque, (4) changing the
cell environment from 2D to 3D while using low and high
collagen concentrations. Results confirm that the proposed
measure and analysis of the cell response to bead twisting
can efficiently reveal some hidden molecular effects at the
level of integrin–receptor adhesion while preserving cellu-
lar integrity. This last condition is required for measuring
the cell mechanical response as well as the status of cellular
adhesion in effective living cell conditions. From a theoreti-
cal point of view, stochastic models written for two opposed
multiple bond configurations (namely zipper and parallel)
are used, providing estimate of the bond number and how
the molecular arrangement changes throughout the various
experimental conditions studied.

2 Methods

2.1 The effect of magnetic bead twisting on cellular and
molecular responses

By principle, in magnetic bead-twisting cytometry (MTC),
functionalized ferromagnetic beads are deposited onto liv-
ing cells. After adhesion on transmembrane receptors of the
integrin type, the beads are partially embedded in the cyto-
plasm and become mechanically linked to the cytoskeleton.
The use of MTC has largely contributed to demonstrate the
leading role of integrin transmembrane receptors in the force-
induced mechanochemical signaling and to establish the
concept of mechanotransduction (Wang et al. 1993). More
recently, a similar bead-twisting system has been used to
reveal some of the deep components of mechanotransduc-
tion, e.g., the microtubules (Na et al. 2008); the Cajal bodies
in the nucleus (Poh et al. 2012).

Applying a uniform magnetic field H generates a con-
trolled magnetic torque C on the cytoskeleton and the
interfacial molecular bonds (see Fig. 1) given by:

C = μ0 m × H ,

i.e., C = μ0mH sin
(π

2
− θclamp

)
(1)
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Fig. 1 Sketch of the bead-cell system (right panel) and equivalent
molecular and cellular models (left panel) used to analyze the cellu-
lar response to the loading by magnetic bead. Receptors of the integrin
type expressed at the apical face of epithelial cells bind the RGD lig-
ands covering the beads. The integrin–RGD bonds are stretched during
1min of application of an almost constant magnetic torque. The wide
majority of these bonds survive to bead twisting and transmit the torque
to the cytoskeleton whose rigidity control the bead rotation. Classical
viscoelastic solid-like models with one or more elements (see the left
panel) are used to determine the elastic modulus and the viscoelastic
time constant proper to each component. The non-surviving bonds are
supposed to break randomly during the minute of torque application.
The kinetics parameters of this de-adhesion process can be described
by a Bell-type model modified to take into account the multiplicity of
the bead-cell molecular bonds

where m is the modulus of the bead magnetic moment
(the vector m) which is obtained by calibration (e.g., m ≈
2.3 10−13 A.m2) andμ0 is the permeability of the free space.
θclamp is the bead rotation angle near equilibrium. In present
experiments, we applied a transient step of loading (see the
stress signal in Fig. 2) generated by a constant current inten-
sity in Helmholtz coils and resulting in a clamp of 1 min.
duration followed by a relaxation of 1 min. duration. The
predetermined torque level in experiments below is basically
880 pN×µm, but this value can be modified in the range
400–1200 pN×µm (Féréol et al. 2008) by changing the cur-
rent intensity. Themagnetic torque translates into an apparent
stress after dividing the torque by bead volume and apply-
ing a correcting factor κ for geometric effects (Ohayon et al.
2004; Féréol et al. 2006):

σ = σapp

κ
(2)

This factor κ ranges from values below 0.1 at low bead
immersion to values approaching 2 for complete bead immer-
sion. κ ≈ 0.5 corresponds to the half bead immersion
characterizing the cell type presently studied. Under present
culture conditions, the effective “mean” stress is in the range
40–80 Pa and varies only little during the minute of torque
application (see Fig. 2). However, since MTC generates a
torque, the stress distribution around the bead cannot be uni-
form. This has been clearly shown in several model studies
in which a finite element model of the bead-cell mechanical

Fig. 2 Typical time-dependent MTC signals showing (1) the stress (in
Pascals) exerted on the cell by the magnetic beads which includes an
almost constant stress followed by a relaxation period (bottom signal,
scale on the right side), (2) the measured remanent magnetic field signal
(1 nT=10−9 Tesla) in the course of a givenMTCexperiment (continuous
line on the upper signals, scale in the left side), (3) the fitting by the
multiscalemechanicalmodel (1Voigt component of a viscoelastic solid-
like model) obtained by a least squared method (dotted line on the
upper signals). Note that, at the onset of stress application, the initial
remanent field decreases suddenly from B0 to B0(1− x) where x is the
proportion of free rotating beads, i.e., the beads which fail to bond to
the CSK and turn immediately by 90◦ right after torque application (see
text for explanations). The vertical arrow indicate the non-recoverable
component of the cell deformation signal used to determine the adhesion
response. The complementary (recoverable) component of the signal is
used to determine the viscoelastic properties of the CSK which are
assumed to be constant over the minute of torque application, i.e., the
cellular system remains pseudo stable over such a short time

interactions is developed (Ohayon et al. 2004; Mijailovich
et al. 2002). It appears that the magnetic torque produces
complex spatial stress/strain fields with shear dominating at
the lower part of the bead while stretch and compression
dominate on the diametrically opposed side located at the
cell surface level, see Fig. 4 in Ohayon et al. (2004).

This load is exerted through transmembrane mechanore-
ceptors which act as physical bridges between the beads and
the intracellular structure. These interfacial bonds are pur-
posely used to transmit a 3D loading in the formof amagnetic
torque as initially shown inWang et al. (1993). In the present
study, we focus on the decomposition of the deformation
signal into a recoverable and non-recoverable components
called θR(t) and θN R(t) (Fig. 3). The measured bead rota-
tion angle θm(t) can be written:

θm(t) = θR(t) + θN R(t) (3)

The recoverable component of cell deformation θR(t) is
attributed—as classically done—to the viscoelastic response
of intracellular structure, e.g., a solid-like cell model whose
number of characteristic time constants may be modified,
depending on the number of CSK components that are taken
into account. In the present study (see Fig. 1), we tested three
such models with, respectively, one component as in Wang
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Fig. 3 The cell deformation experimentallymeasured (continuous line
in red) is shown versus time in seconds. It is obtained after transforma-
tion of the relative change in remanent signal into bead rotation angle
(in radians) by the arcosine function. The multiscale model used to fit
the experimental data is shown by the thick dotted curve θ(t) which
is at each instant the sum of two components: the reversible compo-
nent θR(t), the non reversible component θN R(t). The time-dependent
sliding component θS(t) and the immediate time-independent sliding
component θ0S corresponding to beads unbound to the cytoskeleton are
also shown by semi interrupted curves

et al. (1993); two components as in Laurent et al. (2003)) and
n components for the power law model as shown by Balland
(2006). We presently consider that the non-recoverable com-
ponent of cell deformation, θN R(t), corresponds tomolecular
phenomena occurring primarily at the bead–cell interface.
The probability of breakingmolecular bonds at the cell–bead
interface is indeedmuchhigher than anywhere else in the cell,
meaning that interfacial bonds are theweakest comparedwith
intracellular bonds. We also assume that θN R(t) has a time-
dependent and time-independent components which reflect
molecular bonds having respectively effective and non effec-
tive linkages to the actin CSK. Namely:

θN R(t) = θs(t) + θ0s (4)

θs(t) is a time-dependent sliding angle representing a vari-
able amount of de-adhesion occurring during a given MTC
loading. θs(t) is related to the probability of bond survival
P(t) through the simple arccosine function so that P(t) = 1
for θs(t) = 0, and P(t) = 0 for θs(t) = π/2:

θs(t) = arccos (P(t)) (5)

θ0s is a time-independent sliding component reflecting the
few percent of adhesion sites that instantaneously dissociate
at the onset of the loading, i.e., due to complete defect in CSK
attachments (Fabry et al. 1999). Calling “x” the proportion
of free rotating beads, the following expression is used to
relate the difference: θm(t) − θ0s , to the decay, from B0, in
the projected magnetic field B(t) during loading:

Fig. 4 Sketch defining the various bead angle components used to ana-
lyze the cellular and molecular responses. The model assumes a small
proportion “x” of free rotating beads (unattached beads) which turn by
90◦ as soon as the magnetic torque is applied (t = 0). These beads
instantaneously reach a 90◦ rotation angle which remains unchanged
during torque and relaxation. These beads collectively contribute to
the time-independent sliding component θ0S . The majority of the beads
(1 − x) contribute to the time-dependent cell response signal through
a reversible θR(t) which is related to the viscoelastic response, and an
irreversible component θN R(t) which is related to the probability of
bond detachment. θclamp is the bead position reached near equilibrium
after 1 min of torque application. The bead position during relaxation
differs from the initial bead position because of partial bead detachment
during the clamping period

θm(t) − θ0s = arccos

(
B(t)

B0(1 − x)

)
(6)

Free rotating beads actually quantify the number of imma-
ture adhesion sites whose connection with the CSK is too
weak to resist loading. These immature bonds break instan-
taneously so free magnetic beads align in the direction of
the perpendicular fieldH (Eq. (1)). Thereby, the parameter x
represents the proportion of immature bonds in a given cell
culture. Based on Eq. (6), the time-dependent MTC signal
can be equivalently represented in terms of the decay of the
remanent magnetic moment B(t) or in terms of bead devia-
tion angle θ(t) (as shown in Figs. 2 and 3 respectively).

2.2 Characterization of the complex bead–cell
attachment

To characterize the molecular attachment between a given
coated bead and the cell surface, we presently postulate that
interfacial bonds between the bead and the cell will break in
priority because they are the weakest molecular structures of
the system. On the other hand, association of multiple bonds
constitutes a general mechanism of molecular reinforcement
which provide adequate levels of adhesion strengthening that
single bonds could not sustain. Association ofmultiple bonds
is also the pertinent assumption in most of culture conditions
where contact area and surface chemistry between probe and
cell are complex and not fully controlled (Williams 2003).
The classical way to describe the global lifetime of amultiple
molecular bondwith a necessarily complex energy landscape
is predicted by the Kramer–Smoluchowski theory (Evans
1998, 2001; Tsukasaki et al. 2007). This theory states that
the global lifetime needed to transit across the n sharp ener-
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getic barriers is the sum of the times needed to transit across
individual barriers, namely:

Toff(t) =
N∑

n=1

(
t0off(n) exp

(
− f

fβ(n)

))
(7)

Equation (7) implies that multiple bonds with complex
energy barriers make molecular interactions more durable,
i.e., they survive longer when submitted to larger force, even
though force still dramatically shorten each individual bond
lifetimes (Evans 1998). Note that the bonds whose collec-
tive behavior is depicted by Eq. (7) are said to behave non
cooperativelymeaning that they are not supposed to break at
the same time but stochastically, following their own kinetic
response. They differ from the cooperative bonds which
break simultaneously and thus behave as a unique equiva-
lent bond with an energy barrier which is simply the sum
of individual energy barrier height (Zhang and Moy 2003).
In Eq. (7), each bond is independently affected by the force
which is the signature of uncooperative bonds. t0off(n) is the
time for forward passage of the nth barrier:

t0off(n) = tD exp

(
Eb(n)

kBT

)
, (8)

and where Eb(n) is the barrier height of the potential chem-
ical energy above the bound state, kBT is the thermal
energy scale (≈ 4 pN × nm), tD is the Brownian time
(≈ 10−9 − 10−10s). fβ(n) is the force scale of individual
barriers:

fβ(n) = kBT

xβ(n)
(9)

which is of the order of, e.g., 13 pN for integrins (Evans and
Kinoshita 2007). xβ(n) is in the range (0.1–1 nm) and rep-
resents the stretching distance at which the barrier is located
(transitional state). For stretching larger than this distance,
the bond becomes unstable. For a vanishing force in Eq. (7),
one obtains the global natural lifetime which basically corre-
sponds to the overall chemical energy level of the collective
bond:

T 0
off =

N∑
i=1

t0off(n) = 1

K 0
off

(10)

A major assumption of the present approach is to postulate
that multiple bonds, although working uncooperatively, still
behave as a “unique” or global bond obeying a Bell-type
model, rewritten herein for a stress calculated from the attach-
ment area at the bead–cell interface:

Koff(σ ) = K 0
off exp

(
σ

σc

)
(11)

Accordingly, the stress-dependent dissociation rate Koff(σ )

is exponentially increased by the normalized stress. The para-
meters, K 0

off and σc, appear to be the two key parameters
characterizing the kinetics of complex bond structures. The
natural dissociation rate K 0

off is defined by Eq. (10) at zero
force and the characteristic stress σc is related to bond char-
acteristic forces (Eq. (9)). Note that it is not obvious that
expressions of Koff(σ ) given by Eq. (11) and its reciprocal
given by Eq. (7) are mathematically identical.

We have recently shown, by comparing simplified bond
structures made of N -independent bonds with identical
energy barriers working either in zipper mode or in paral-
lel mode (see present “Appendix” and Isabey et al. (2013))
that the global behavior still obey a Bell-type model whose
prefactors and exponent are affected by the bond number in a
way depending on the bond configuration. For instance, the
N -dependence of the normalized natural dissociation rates
for the zipper and the parallel configurations are respectively:

[
k0off
K 0
off

]

zipper

≈ N (12)

and

[
k0off
K 0
off

]

parallel

=
N→+∞∑
i=1

1

n
≈ ln(N ), (13)

and for the exponent, σ/σc, is such that:

[
σc

σβ

]

zipper
≈ 1,

[
σc

σβ

]

parallel
≈ N , (14)

where σβ is the single bond stress related to the characteristic
force fβ exerted at the bead–cell interface. On the whole, it
can be said that specificmodelsmade of uncooperative bonds
of identical energy predict a global behavior still obeying
a Bell-type model with parameters depending on the bond
configuration and variably on bond number N .

2.3 Relation between dissociation rate and probability
of bond detachment

For single or multiple bonds working cooperatively (Evans
2001) or non cooperatively (Williams 2003), bond breakage,
in the absence of rebinding, can be described by a first-order
Markovprocess using a “single” time-dependent dissociation
rate, Koff (σ (t)), which is related to the probability of bond
survival, P(t), by a simple first-order differential equation:

dP(t)

P(t)
= Koff (σ (t)) dt (15)
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or equivalently

P(t) = exp

[
−

∫ t

0
Koff

(
σ(t ′)

)
dt ′

]
(16)

This Markovian approach applies to a multiple bond sys-
tem to the extent that the integrated response resembles
a “unique” bond. This has been clearly demonstrated for
cooperative bonds breaking simultaneously at a barrier level
which is the sum of individual barrier heights (Evans 2001).
The application to uncooperative bonds is not so straight-
forward because bonds break randomly with their own
force-dependent kinetic response (Eq. (7)). However, such
approach is still applicable in the two simplified cases of
loading: parallel and zipper, as shown in the Appendix. P(t)
represents the probability of survival for a collective bond.

Based on Eq. (16), analytical solutions for Koff (σ (t)) can
be determined from the knowledge of P(t) in the case of
“force clamp” corresponding to a constant imposed stress
(σ(t) ≈ σ ) (Fig. 2). Although this approach was initially
proposed to probe single-molecule receptor–cytoskeletal
anchoring (Evans and Kinoshita 2007), it can be extended
to multiple bonds as long as the governing equation is sim-
ilar to Eq. (16). The solution corresponding to a clamping
process similar to the one used experimentally (Fig. 2) is
given by:

P(t) = exp [−Koff(σ ) × t] (17)

meaning that Koff(σ ) can simply be obtained from the slope
of the linear relationship between (lnP(t)) and t .

2.4 Obtaining cellular viscoelastic properties

The recoverable component of bead rotation was used to
estimate the viscoelastic properties of the cell in response to
the transient step loading as previously done (Féréol et al.
2008). The relationship between strain θR(t) and stress σ

depends on the total history of the loading, up to the time
t Fung (1981):

θR(t) = c(t) σ0 +
∫ t

0
c
(
t − t ′

) dσ

dt
(t ′) dt ′ (18)

where c(t) is the creep function, i.e., the strain generated
by a step stress, normalized by a constant stress value σ0.
The microrheological models proposed in the literature to
describe the cell structure response are of similar nature, i.e.,
a viscoelastic solid with 1, 2, or “n” Voigt components.
c(t) = 1

E + t
η

(single-Voigt model), i.e.,

θR(t) ≈ σ0

E

(
1 − exp

(
− t

T

))
(19)

c(t) = 1
E1

+ t
η1

+ 1
E2

+ t
η2

(double-Voigt model), i.e.,

θR(t) ≈ σ0

E1

(
1 − exp

(
− t

T1

))

+ σ0

E2

(
1 − exp

(
− t

T2

))
(20)

E , E1, and E2 are the elasticity moduli, (i.e., close to shear
moduli since a magnetic torque is exerted) and η, η1, and η2
are the dissipation moduli (e.g., due to friction between CSK
elements in a confined volume with steric properties) for the
single-Voigt and the double-Voigt models respectively. Vis-

coelastic response time can be deduced from: T = η

E
or

T1 = η

E1
, T1 = η

E1
reflecting the viscoelastic responses of

the overall CSK structure or its cortical and deep components
(T1 < T2), respectively (Laurent et al. 2003). The time-
invariant power law represents an alternative model more
recently proposed (Fabry 2003; Trepat et al. 2004) which has
been shown to correspond to an infinite series of viscoelastic
solids (Balland 2006):

c(t) = A0

(
t

T0

)α

, i.e., θR(t) ≈ σ0 A0

(
t

T0

)α

(21)

The exponent α varies little, i.e., between 0 (solid-like) and
1 (fluid-like) and practically between 0.1–0.3 in living cells,
a result consistent with the solid-like behavior assumption.
The prefactor A0 is inversely related to the modulus of elas-
ticity, T0 being an arbitrary response time fixed at 1 s. The
cytoskeleton structure is modeled by infinite assembly units
labeled by the index k, each of them showing a single Voigt
model behavior with a viscoelastic response time Tk . Char-
acteristic response times are thereby multiple and distributed

according to an ideal power law: Tk = Tmk

( −1
1−α

)
, where Tm

is the largest relaxation time in the cell.

2.5 Experimental procedures

2.5.1 Cell cultures

A549 human alveolar epithelial cells (American Type Cul-
tureCollection,Rock-ville,MD,USA)were grown to conflu-
ence in DMEMcontaining 10%FBS, 2mML-glutamine, 50
IU/ml penicillin, 50 µg/ml streptomycin, and incubated in a
5%CO295%air atmosphere. Routine subcultures (passages
89 to 92) were performed at 1/20 split ratios by incubation
with 0.025 g/100ml trypsin-0.02 g/100ml EDTA in calcium-
and magnesium-free DPBS for 10 min at 37 ◦C. For mag-
netic twisting cytometry experiments in 2D cell cultures,
96-well bacteriologic dishes were coated with fibronectin
at a concentration of 5 μg/cm2 for 3h at 37 ◦C in incu-
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bator. Cells were plated at the density of 70 × 103 per well
in complete medium with serum, 48 h before experiments
and incubated in serum-free medium with 1% of BSA for
30min before magnetic twisting cytometry experiments. For
magnetic twisting cytometry experiments in 3D cell cultures,
a 3D collagen matrix was used, providing a physiologically
relevant cellular environment of adjustable stiffness (Jiang
and Grinnell 2005). Interestingly enough, matrix stiffness
andmatrix pore size can easily been changed by changing the
concentration of collagen; the higher the collagen concentra-
tion, the stiffer the gel and the smaller the pore size (Friedl and
Brocker 2000). At the same time, MTC can advantageously
be used in such a matrix because remanent bead magnetic
field can easily bemeasured in a 3D reference volume instead
of a 2D culture. Levels of remanent bead magnetic field in
3D matrixes are not different from the 2D and not differ-
ent between stiff and soft gels (Tables 1–3 in Supplementary
Material). A549 cells previously used in 2D substrates were
cultured in 3D-environments of type I collagen. Two differ-
ent concentrations of collagen were tested, i.e., 1 mg/ml to
5 mg/ml, enabling changing matrix stiffness; the higher the
type I collagen concentration, the stiffer the gel.

2.5.2 MTC setup

The laboratory-made magnetic twisting cytometry device
used in this study has been previously described (Laurent
et al. 2003; Féréol et al. 2009). Carboxyl ferromagnetic
beads (4.5 µm in diameter, Spherotec Inc., IL USA) were
coated with arginine-glycine-aspartic acid (RGD) peptide
according to the company’s procedure (Telios Pharmaceuti-
cals Inc., CAUSA). Before use, coated beads were incubated
in serum-free medium supplemented with 1% BSA for at
least 30min at 37◦C to block non-specific bindings. Lig-
and density can be changed by changing the concentration
of RGD during bead coating. Starting with a standard RGD
concentration value of 0.4 mg/ml during control conditions,
six RGD concentrations have been tested corresponding to
concentrations modified by a factor of 0.1, 0.2, 0.5, 2, 5
and 10. Beads were then added to the cells (40 µg of beads
per well corresponding to a RGD density of about 1 RGD
peptide/nm2) for 20min at 37C in a 5% CO2 95% air incu-
bator. Unbound beads were washed away three times with
serum-free medium 1% BSA. Microbeads were then mag-
netized using a 0.15Tuniformshortmagnetic pulse (150ms).
This magnetic field is horizontal, i.e., parallel to the mono-
layer of adherent cells. The magnetic torque, C , (Eq. (1))
was then created by Helmholtz coils, which generate a verti-
cal uniformmagnetic field H (H ≤ 6.3 mT) whose intensity
is two orders of magnitude lower than magnetization field in
order to avoid re-magnetization. Standard torque value used
in present experiments is 880 pN×µmunless specified. This
magnetic torque induces a bead rotation which is measured

by a magnetometer that continuously measures the average
projection of the bead remanent magnetic field B(t) in the
plane of the cell monolayer. The variations of B(t), are mea-
sured with a magnetometer equipped with low noise probes,
i.e., 0.14 nT, for a range of bead remanent magnetic field of
the order of 1 nT (see Fig. 2).

2.5.3 Statistics

Assessment of cellular and molecular parameters were
obtained by best fitting between model and MTC signal
using a least square method based on Levenberg–Marquardt
algorithm. Comparison of the mean value of mechanical and
adhesion parameters between the different biological condi-
tions tested was performed with statistical software package
(Statistica v7.1, Stat Soft◦ledR, France) using non paramet-
ric test (Kruskal–Wallis test or Mann–Whitney U test). A p
value smaller than 0.05 was considered significant.

3 Results

We present below the concurrent assessment of mechanical
and adhesion properties by magnetic bead twisting based
on a refined analysis of the non reversible component of
bead rotation supported by the multiple bond theory summa-
rized in Method and in “Appendix.” To test the cellular and
molecular sensitivity of this refined bead twisting method,
we purposely explored the cellular and molecular response
in modified intracellular or extracellular conditions such as:
(1) weakening or reinforcing adhesion, (2) weakening or (3)
strengthening CSK, (4) substituting a 3D environment for the
classical 2D environment and modifying its stiffness. These
various conditions are expected to modify the cellular and
molecular properties in predictable directions and the pro-
posed method aims at quantifying these modifications. In
Figs. 5, 6, 7, and 8, adhesion parameters are systematically
expressed in terms of the natural dissociation rate K 0

off and
a characteristic stress σc, while mechanical properties are
expressed in terms of CSK elastic modulus E and viscoelas-
tic response time T based on the single-Voigt model (Table 1
in Supplementary Material). Results obtained with the two
additional multicompartmental viscoelastic solid models are
presented in Tables 1–3 in Supplementary Material for the
mean values and SEM.

3.1 Effect of weakening/strengthening adhesion in a 2D
culture

In the experiments shown in Fig. 5a–d, we modified bead
coating density by changing RGD concentration from the
basal state (0.4 mg/ml). RGD concentration was thus
decreased by factors of 2 (0.2 mg/ml), 5 (0.08 mg/ml), and
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Fig. 5 Mean values and SEM of (i) adhesion parameters: natural dis-
sociation rate K 0

off in s−1 (a) and reference stress σ0 in Pa (b) and
(ii) CSK mechanical properties: CSK elastic modulus E in Pa (c) and
viscoelastic response time T in s (d) for the single-Voigt model, are
obtained in cultured A549 cells for different RGD concentrations in
the range 0.04–0.8 mg/ml. Standard RGD concentration value used in
all other conditions is fixed at 0.4 mg/ml. For all parameters, large sta-
tistical differences (p < 0.001) are observed between low and high

concentration. A RGD concentration of 0.4 mg/ml corresponds an ini-
tial remanent magnetic field of about 1 nTwhich is used as a basal value
for the other experimental conditions presently studied. Except for the
two lowest and the highest values of RGD concentration studied, differ-
ences within the values obtained for studied parameters are all highly
significant (p < 0.001) for E and σ0 and between slightly (p < 0.05)
to highly (p < 0.001) significant for T and K 0

off

10 (0.04 mg/ml ) or increased by factors of 1.5 (0.6 mg/ml),
2 (0.8 mg/ml) as shown in Fig. 5a–d. Beads acting as small
matrixes bound to the cells through integrin–RGD binding
constitute as much as probes to assess the state of cell–matrix
adhesion at a given instant and for a given condition. Clearly,
RGD concentration deeply modifies the molecular proper-
ties as shown by the significant differences between data
obtained at low and high RGD concentration. The decay in
natural dissociation rate is synonymous of bond stabilization
which is permitted by the increase in ligand concentration.
The increase in characteristic stress suggests some adhesion
remodeling in response to the specific conditions studied.
An important feature shown by Fig. 5a–d is that relation-
ships existing betweenRGDconcentration and themolecular
(K 0

off and σc) or cellular (E and T ) parameters are non linear.
Such a nonlinear behavior has already been described in the
literature as potentially related to the heterogeneity of RGD
surface distribution at the nanometer scale and to the stochas-
tic nature of the hydrolysis process (Lagunas et al. 2012).

Consistently with the present results, the number of totally
immature bonds seems to be significantly decreased (from
9 to 1%) as ligand concentration increases (see Table 1 in
Supplementary Material). Using different viscoelastic mod-
els does not modify these results. Indeed, in Table 2 and
Table 3 (in SupplementaryMaterial), the natural dissociation
rates decrease nonsignificantly with the double-Voigt model
and quite significantly with the power law model.

Mechanical properties of the cytoskeleton are modified in
parallel to adhesion reinforcement, (i.e., E increases and T
decreases). The stronger the adhesion, the higher the CSK
recruitment, which is a result consistent with the literature
(Burridge et al. 1988; Ingber 1997). Using viscoelastic solid
models with more than one compartment does not deeply
modifies the above results (See Tables 2 and 3 in Supplemen-
tary Material). The natural dissociation rates still decreases
although nonsignificantly with the double-Voigt model but
quite significantly with the power law model. In parallel, the
rigidity modulus of the cortical and of the deep CSK com-
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Fig. 6 Mean values and SEMof (i) adhesion parameters: natural disso-
ciation rate K 0

off in s
−1 (a) and reference stress σc in Pa (b) and (ii) CSK

mechanical properties: CSK elastic modulus E in Pa (c) and viscoelas-
tic response time T in s (d) for the single-Voigt model, are obtained
in cultured A549 cells in the course of cytochalasin D treatment (time
in minutes). The elastic modulus E exhibit a significant decay as time

increases as well as σc. Only a slight increase in natural dissociation
rate K 0

off is observed after 11 min of cytoD treatment. The viscoelas-
tic response time T is never significantly changed compared to time
zero. E is slightly (p < 0.05) decreased at 3 min. and highly decreased
(p < 0.001) beyond. σc is highly decreased (p < 0.001) from 3 min.
and above

ponents are both significantly increased as ligand density
is increased, while the prefactor of the power law propor-
tional to the inverse of the rigidity modulus is significantly
decreased. In addition, the exponent of the power law is sig-
nificantly decreased as ligand density is increased (Table 3 in
SupplementaryMaterial). This is the hallmark of a solidifica-
tion processwhich confirms the pertinence of using solid-like
models.

3.2 Effect of CSK weakening in a 2D culture

It has been constantly shown in tissue cells that depolymer-
izing actin filaments by cytochalasin D (cytoD treatment)
results in CSK weakening and loss of internal tension (Wang
et al. 1993;Wendling et al. 2000). Results presently obtained
after 6 min are in agreement with previous results: The
decrease in rigidity modulus is significant after cytoD treat-
ment (Fig. 6c). Accordingly, the viscoelastic time constant
T tends to decrease but less significantly. The diminution in
CSK stiffness is the hallmark of a time-dependent alteration
in actin structure induced by cytoD treatment. The effect

of cytoD treatment on adhesion kinetics was not really mea-
sured before although it can be expected to remain small since
cytoD is supposed to affect the intracellular CSK structure
andnot directly the transmembrane binding.Accordingly, the
natural dissociation ratewas only slightly increased (Fig. 6a).
Likely for similar reasons, the quantity of totally imma-
ture adhesion bonds did not change and remained limited
to 4 and 5% (Table 1 in Supplementary Material). Surpris-
ingly, the characteristic stress (Fig. 6b) appeared significantly
decreased by cytoD treatment and by the time of treatment.
The CSK alteration evidenced by the decay in rigidity mod-
ulus presently reported (Fig. 6c) and by the staining of
actin structures before and after cytoD treatment already
reported (Wendling et al. 2000) strongly suggests that direc-
tion of forces on the intracellular side could be modified
as actin CSK is depolymerised. Moreover, if the decay in
actin filaments number available for bond stretching was
decreased by cytoD treatment, one may expect that force
equilibrium and direction of tension between filaments will
be changed, hence the observed significant decay in refer-
ence force reported in Fig. 6b. In summary, because cytoD
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Fig. 7 Mean values and SEM of (i) adhesion parameters: natural dis-
sociation rate K 0

off in s−1 (a) and reference stress σc in Pa (b) and
(ii) CSK mechanical properties: CSK elastic modulus E in Pa (c) and
viscoelastic response time T in s (d) for the single-Voigt model are
obtained in cultured A549 cells for increasing torque in the range 380–
1060 pN×µm. Standard torque value used in all other conditions is 880

pN.µm. The elastic modulus E exhibits a significant increase as torque
increases as well as σc. The natural dissociation rate K 0

off and the vis-
coelastic response time T are not significantly affected for all torque
levels tested. Significant differences in elastic modulus E are observed
with the smallest torque. Values of reference stress σc are significantly
changed between all torque conditions studied

treatment mainly targets the intracellular actin structure, it
would minimally affect the chemical energy of interfacial
bonds, hence the quasi constancy of K 0

off on the one hand
(Fig. 6a). On the other hand, direction and magnitude of
stress exerted on adhesion sites have some reason to be
changed secondary to the CSK alteration leading to a sensi-
tivity of the characteristic force to the bond number, namely
a decrease in σc as duration of cytoD treatment remodels
the force equilibrium throughout the cytoskeleton structure
(Fig. 6b). Results obtained with the two other viscoelas-
tic solid models globally confirm the results obtained with
the single-component viscoelastic model, i.e., insignificant
changes in the natural dissociation rate and significant time-
dependent decay of the cortical and the deep rigiditymodulus
(Table 2 in Supplementary Material). Accordingly, the pref-
actor of the power law increases with the time of cytoD
treatment (Table 3 in Supplementary Material). Yet, the
exponent of the power law does not significantly change con-
firming that cytoD treatment mainly affects the intracellular
internal tension (Wendling et al. 2000) while not necessarily
affecting the nature (i.e., solid versus fluid) of the cellular
material.

3.3 Effect of CSK strengthening in a 2D culture

Stress/strain hardening is a largely recognized behavior
observed when mechanical loading is increased in adher-
ent tissue cells such as epithelial cells (Féréol et al. 2008;
Laurent et al. 2003; Potard et al. 1997) or endothelial
cells, as revealed by the pioneering MTC experiments of
Wang et al. (1993). Various mechanobiological models have
been proposed: 3D deformation of the tensegral CSK struc-
ture (Wendling et al. 2000), hyperelasticity of the cellular
material (Ohayonet al. 2004), andmolecularmotor activation
induced by stress (Mizuno et al. 2007). The large cellular dis-
placements induced by bead twisting (Féréol et al. 2009) are
consistent with the observed stress-/strain-hardening behav-
ior. Present data obtained in A549 epithelial cell lines tested
at increasing torque levels confirm these earlier reported
results, namely rigidity modulus significantly increases as
stress increases for the three viscoelastic models tested (See
Fig. 7c and Tables 1 and 3 in Supplementary Material). Note
that this stress-/strain-hardening behavior remains the proper
of highly structured tissue cells (Féréol et al. 2009) which
may include stress redistribution throughout the CSK struc-
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Fig. 8 Mean values and SEM of (i) adhesion parameters: natural dis-
sociation rate K 0

off in s−1 (a) and reference stress σc in Pa (b) and
(ii) CSK mechanical properties: CSK elastic modulus E in Pa (c) and
viscoelastic response time T in s (d) for the single Voigt model, are
obtained in A549 cells cultured in 3D matrix of type I collagen for low

and high concentrations of collagen: 2 and 5mg/ml. The elasticmodulus
E and the reference stress σc exhibit a significant increase in stiffer gel
(p < 0.01 and p < 0.001 respectively), while the natural dissociation
rate K 0

off is significantly decreased (p < 0.01). Viscoelastic response
time T is not significantly affected

ture (Zhu et al. 2000) and the stimulation of integrin receptors
loaded by magnetic beads (Pommerenke et al. 1996). Note
also that the bead deviation angle remained almost constant
in these experiments suggesting that stress hardening was
revealed at almost constant deformation (see Tables 1–3 in
Supplementary Material). The concomitant increase in loss
modulus (data not presented) let the viscoelastic response
time almost unchanged (Fig. 7d).

The unknown aspects enlightened by the present results
concern the outcome of adhesion kinetics in the context of
stress–strain hardening. We observed a nonsignificant decay
in the natural dissociation rate K 0

off with the single-Voigt
model (Fig. 7a) which is consistent with the idea that the
stress-/strain-induced cellular remodeling is primarily intra-
cellular and to a lesser extent interfacial. Yet, this decay
becomes significant with the double-Voigt model (Table 2
in Supplementary Material). Moreover, as the torque level
increases, there is a significant increase in the characteristic
stress σc for the three models tested (Fig. 7b and Tables 1–
3 in Supplementary Material) suggesting that redistribution
of force across the bonds is more important than chemical
reinforcement of receptor–ligand linkages. Such an evolution
is consistent with a change in the interfacial force distri-

bution in response to loading increase. In summary, CSK
reinforcement (shown by Fig. 7c) results in an increase in
the characteristic stress σc of adhesion, while weakening of
CSKor adhesion (shown by Fig. 5 and 6) results in a decrease
in the characteristic stress of adhesion sites suggesting that
alterations in the distribution of stress at the level of interfa-
cial bonds is an efficient mechanism of adhesion regulation
by force.

3.4 Effect of 3D environments of various stiffness

Cellular response presently tested for the first time in 3D
environments show that adhesion and mechanical properties
are significantly modified by environmental stiffness. The
direction of these evolutions is toward higher CSK stiff-
ness (Fig. 8c) and stabilization of adhesion (Fig. 8a) in
stiffer gels. This is consistent with the previously described
adaptability of cells to their mechanical environment, i.e.,
cells in stiffer environments get stiffer and reinforce their
anchorage (Féréol et al. 2009). Interestingly, such an increase
in CSK stiffness is observed with the three viscoelastic
models tested (Fig. 8c and Tables 1–3 in Supplementary
Material). The stabilization of adhesion, attested by a signif-
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icant decay in the natural dissociation rate is observed with
the single (Fig. 8a) and the double-Voigt models (Table 2
in Supplementary Material). Incidentally, because viscous
modulus is also significantly increased for the double-Voigt
model, the viscoelastic response times show a nonsignificant
decay (Fig. 8d). The characteristic stress σc is significantly
increased for the stiffer gel whatever the viscoelastic model
used (Fig. 8b and Tables 2–3 in Supplementary Material)
suggesting that stiffer environment would result in stress
redistribution and higher sensitivity of the characteristic
stress σc to the bond number (see Appendix). The number of
fully immature bonds is consistently decreased in stiffer gels
for the three viscoelastic models tested (Tables 1–3 in Sup-
plementary Material). On the whole, the results obtained by
this newmethod are consistent with the concept of adaptabil-
ity and sensitivity of both the cytoskeleton and the adhesion
system to the mechanical properties of the cellular environ-
ment.

4 Discussion

4.1 Specific features of the proposed bead-twisting
method

Altogether, present results confirm the validity of an extended
Bell-type model to describe the multiple bond behavior at
the bead-cell interface during magnetic bead twisting. Mag-
netic bead twisting appears a minimally destructive method
enabling to obtain biologically and theoretically consistent
parameters reflecting the evolution of cell adhesion state
and CSK mechanical properties for a variety of cell alter-
ation conditions. This is possible because the mechanical
stresses generated by bead twisting remain in a physiolog-
ical range and practically in a range of stress below 50 Pa.
Moreover, the derivation of adhesion parameters from prob-
abilistic equations is made for the dissociation rate and not
for the rupture force, enabling to characterize adhesion with
a minimal amount of bond breakage.

A basic assumption of the present method is to consider
that the probability of breaking molecular bonds at the cell-
bead interface is much higher than anywhere else in the
cell. It means that although potentially activated secondary
to conformational change of proteins, interfacial bonds are
the weakest compared to intracellular molecular bonds. The
weakness of interfacial bonds as well as their representa-
tiveness of adhesion state throughout the cell, are indeed
standard assumptions in most of cell adhesion studies when-
ever one or several bonds are stretched and whatever the
stretching method used, i.e., cell–cell or cell–probe (Evans
and Kinoshita 2007; Pierres et al. 1996). A similar assump-
tionmay be applied for cells in 3D environments. Indeed, cell
3D matrix interactions are point like or string like; hence,

they are spatially more restricted than a ligand-coated sur-
face (Friedl andBrocker 2000). This suggests that attachment
and detachment forces present at each individual interaction
point are lower than upon interactionwith planar ligand.Con-
sistently, values of dissociation rate presently found in 3D are
systematically smaller than those found in 2D.

To test the validity of these assumptions and beyond the
capability of the proposed system to characterize adhesion
and mechanical properties in living cells, we used the well
known A549 cell line model (Féréol et al. 2008; Vlahakis
et al. 1999). The mechanical behavior of these moderately
contractile cells can be satisfactorily described by passive
rheological models. The evolution of kinetic adhesion para-
meters and mechanical properties were both measured in
these cells while successively altering intracellular, interfa-
cial, or environmental conditions. We presently demonstrate
that the proposed approach enables quantifying the effects
of these alterations on both cellular adhesion and cytoskele-
ton mechanical response, while the overall evolution is in
qualitative agreement with expected biological evolution.
Indeed, adhesion stabilization and CSK stiffness can both be
altered when one of the following conditions are changed:
(i) RGD ligand concentration, (ii) mechanical loading, (iii)
3D environmental stiffness. By contrast, CSK stiffness and
to a lesser extent bond stabilization are both decreased in the
course of depolymerizing treatment by cytoD. In addition,
lower attachment and detachment forces were consistently
found for cells in 3D versus 2D environments as values of
the natural dissociation rates were systematically lower in
3D compared to 2D substrates, i.e., K 0

off ≤ 10−4 s−1 versus
K 0
off > 10−4 s−1 respectively.
Noteworthy, the natural dissociation rate measured by

this new method in planar cultured cells is roughly two
orders of magnitude smaller than the natural dissociation
rate reported in the literature for single-molecule interac-
tions of integrin–ligand bonds, e.g., k0off = 0.015 s−1 for
fibronectin–integrin linkages tested on a purely bio-mimetic
cell-free system (Kokkoli et al. 2004), or k0off = 0.012 s−1

for single-molecule AFMmeasurements betweenK562 cells
that express the α5β1 integrins (Li et al. 2003). These val-
ues are both in agreement with the dissociation rate constant
k0off = 0.01s−1 reported between fibronectin and the α5β1

fibronectin receptor on fibroblast cells in solution (Lauffen-
burger and Linderman 1993). The drastically reduced values
of K 0

off observed when measured by MTC can only be the
result of multiple bond association but specifically through
integrin attachment. In addition, the change in the refer-
ence stress σc values provide molecular information about
the change in bond configuration and/or the change in bond
number between the different studied conditions as explained
below. It appears that these differences have led to deepmod-
ifications of these parameters. For instance, changing the
density of collagen from 1 mg/ml to 5 mg/ml means huge

123



Multiscale evaluation of cellular adhesion alteration and...

decrease in matrix pore size. Such a decrease in pore size
leads to an increase in availability of matrix ligands which is
presently detected by the method through the decay in K 0

off
(Fig. 8a) and the increase in σc (Fig. 8b).

4.2 The multiple bond theory foundation

The present approach assumes that complex energy barriers
can still be described by a Bell-type model (see Eq. (11)).
The biological relevance of measured adhesion parameters
K 0
off and σc, obtained with the multiple bond model in a

bead twisting system where a number bonds is implicated
supports this idea. The Bell model has been shown to be
theoretically founded (Evans 2001; Bell 1978) and useful
to analyze the kinetics of complex bond dissociation with
force (Marshall et al. 2003). The pertinence of the Bell-type
model has been demonstrated for single bonds probed by
constant-force experiments such as atomic force microscopy
(AFM) (Noy and Friddle 2013), optical tweezers (OT) (Cho-
quet et al. 1997), biomembrane force probes (BFP) (Marshall
et al. 2003), and multiple bonds using parallel plate flow
chambers (PPFC) (Zhu et al. 2008). Real biological sit-
uations are usually much more complex in terms energy
landscapes because a large number of biomolecules may
interact at numerous sites (Evans 1998) while bond environ-
ments may be soft such as with flexible polymers (Evans and
Ritchie 1999) and/or with highly deformable probes (Noy
and Friddle 2013). Noteworthy, their kinetic behavior can
still be described by a Bell-type model but with a pref-
actor modulated by a force-dependent function leading to:

Koff

(
f̃
)

= K 0
off g

(
f̃
)
exp

(
f̃
)
where g

(
f̃
)
means that

force modifies the shape of the transition state barrier such
that adding complexity to an energy landscapemake the bond
more durable at higher forces (Evans 1998). In the parallel
model (see “Appendix” and Isabey et al. (2013)), we find:

g
(
f̃
)

∼
(

f̃
N

)0.5
( f̃ 	= 0 and N ≥ 2), which means that

force (here normalized) tends to increase the prefactor dis-
sociation rate while increasing N has the opposite effect. On
the other hand, the exponent f/(N fβ) is supposed to increase
with force and to decrease as N increases which means that
force still lowers the barrier magnitude while N does the
opposite thus stabilizing the bond.

The two idealisticmodels presented inAppendix represent
two extreme cases of force distribution among the multiple
bond structures. Indeed, the parallel configuration represents
a fully homogeneous force distribution of a force directed
perpendicularly to the bondplane,while the zipper configura-
tion represents a fully heterogeneous force distributionwith a
force directed obliquely or tangentially to the bond plane and
totally exerted on the leading bond (Isabey et al. 2013). These
two bond configuration are obviously too idealistic compared
to the biological complexity notably, because the stress or

strain fields resulting from twisting of partially immersed
beads are definitely multidirectional (3D) (Ohayon et al.
2004; Mijailovich et al. 2002). These two extreme config-
urations yet provide a wide range of possible bond structure,
enabling to understand the evolution of adhesion parame-
ters, i.e., K 0

off and σc. If we compare values for single bonds,
i.e., k0off ∼ 0.01 (Kokkoli et al. 2004; Li et al. 2003; Lauf-
fenburger and Linderman 1993), with experimental values
presently obtained K 0

off : 1.10
−4 s−1 – 5.10−4 s−1 (Tables 1–

3 in Supplementary Material), we find values of k0off/K
0
off

in the range: 20–100. The number of receptor–ligand bonds
can be deduced from the theoretical relationships between
k0off/K

0
off and N as shown in Isabey et al. (2013) which

reveals the strong dependence on bond configuration of the
ratio between single and multiple dissociation rates. With
the zipper configuration, we have k0off/K

0
off = N , mean-

ing that the range of k0off/K
0
off is the range of N . However,

in the zipper model, the bond number should not affect σc
(see “Appendix”). This prediction is not verified experimen-
tally, since significant variations of σc are found in most of
studied conditions,(e.g., Fig. 5b), suggesting that the zip-
per configuration is not necessarily the most appropriate.
By contrast, the parallel model predicts: σc = Nσβ . Typ-
ical values of σβ can be estimated from single bond studies:
σβ = fβ/A = 0.75 Pa (= 15 pN/20 µm2) Evans and
Kinoshita (2007), while experimental values of reference
stress are in the range : σc = 35–75 Pa (Table 1 in Supple-
mentary Material). Thus, assuming the parallel model leads
to bond number values in a similar range of values: N ≈
50–100.

Importantly, the significant changes in reference stress
σc experimentally found in most of the studied conditions
tested can be enlightened by the predictions of the mul-
tiple bond theory. More specifically, parallel configuration
means N -dependence of the reference stress σc while zip-
per configuration does not. Thus a change in reference stress
σc can be seen as a criteria pertinent of a change in bond
configuration. An interesting result is that σc is a parameter
susceptible to reveal a change in molecular bond config-
uration, e.g., from zipper to parallel or the reverse. The
evolution of this parameter can also reflect if bond num-
ber increases or decreases. Interestingly enough, the parallel
configurations seems widely appropriate to the experimental
conditions studied since (i) increasing coating density results
in an increase in σc consistent with the expected increase in
N , (ii) depolymerising actin CSK results in a rapid decrease
in σc consistent with a CSK remodeling affecting bond struc-
ture and reducing bond number, (iii) stress hardening as well
as stiffer 3Denvironment both results in an increase inσc con-
sistentwith the redistribution of local forces exerted on bonds
whose association might be increased. More specifically,
compared to 2D, cells in 3D environments receive external
forces and transmit the generated traction forces through all
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the cell surfaces in contact with the surrounding extracellular
matrix. This is susceptible tomodify cell–matrix interactions
and to modulate integrin receptors (Cukierman et al. 1998)
meaning that local forces might redistribute in direction and
magnitude which is reflected by the significant change in
σc(shown in Fig. 8b).

4.3 The bead–cell binding

The monomeric RGD (arg-gly-asp) peptide motif derived
from the cell-binding domain of fibronectin has been shown
to interact with αvβ3 and α5β1 integrins (Ruoslahti 1996).
These transmembrane receptors mediate cell adhesion by
forming links between extracellular matrix and cytoskele-
ton (Matthews et al. 2006). On the basal cell face, these
links are used in cell motility because the actin cytoskele-
ton generate forces pulling the integrin and attached matrix
molecules toward the cell center. The same rearward translo-
cation movement can be demonstrated on apical cell face by
attaching beads to integrins enabling to follow the pathway,
the velocity, and forces developed by the cystoskeleton (Cho-
quet et al. 1997). It has been shown that integrin clustering
is essential for cytoskeletal attachment.

This is identically true for magnetic bead twisting where
bead binding is used to transmit both the magnetic torque
and the cell reaction force. Prior to loading, a sufficient time
(∼ 30 min) was let for bead incubation and attachment to the
cell to permit ligand binding and integrin clustering. It has
been shown that in presence of force and for bonds which
resist force, 10 s is sufficient to increase the bond strength by
recruiting additional cytoskeleton consistently with the find-
ings of an immediate formation of actin cytoskeleton beneath
the point of bead binding (Miyamoto et al. 1995). Typical
integrin expression in highly adherent cells such as fibrob-
lasts is of the order of 100,000 receptors per cell for a cell area
of 1500µm2, yielding to a receptor density of approximately
50–100 integrins/µm2 (Akiyama and Yamada 1985). Such a
binding system enables to reachmaximal values of force den-
sity of the order of 2 nN/µm2 in cancer cells and 4 nN/µm2

in fibroblasts (Stricker et al. 2011). It means that each inte-
grin on the basal face can support a stress up to 80 pN/µm2

(∼Pa). By contrast, the apical density of integrins is highly
dependent on cell type and polarization state. For instance, in
epithelial cell lines such asA549, integrins are systematically
expressed at apical face but in primary type II epithelial cells,
integrins are not sufficiently expressed on apical cell face,
rendering the direct probing of these cells by RGD-coated
beads unlikely (Féréol et al. 2006, 2009). This suggests that
the number of integrins per bead is most likely minimal in
case of apical location. For a mean applied stress which does
not exceed 50 pN/µm2 (see Table 1 in Supplementary Mate-
rial) and an estimated number of integrin–ligand bonds in
the minimal range N = 50 − 100 for the 20 µm2 of bead

surface, we find an integrin density of 2.5–5 integrin/µm2

which is much less than the integrin density found on cell
basal face (see above). This apical integrin density corre-
sponds to a maximal stress exerted of 10–20 pN (∼Pa) per
integrin which is the range of characteristics force found for
isolated integrins fβ (Evans and Kinoshita 2007). Although
integrin number is small, they may associate. Interestingly
three integrins have been found to be necessary and suffi-
cient to form clusters ensuring coupling to and translocation
with actin cytoskeleton (Coussen et al. 2002). Therefore,
the binding density on beads appears quite sufficient for an
effective connection of the bead with the CSK. This estimate
brings a new confirmation that the stress applied by theMTC
technique is far from the maximal strength values that cell–
substrate adhesion can support, i.e., ∼200 nN (Gallant et al.
2005).

4.4 Comparison with other micromanipulation
techniques

In this study, we used the classical bead magnetic twisting
cytometry device to successfully assess molecular and cel-
lular properties not only in 2D but also in 3D environments.
There are very few techniques permitting CSK-specific mea-
surements of mechanical and adhesive properties both in
2D and in 3D. Using microfabricated arrays of elastomeric
microneedle-like posts is an efficient way to manipulate and
measure in planar cell culture conditions, the mechanical
interaction of cells, knowing that the general morphology
of cells on micropillars remains similar to that of cells cul-
tured on planar substrates (Tan et al. 2003). In a similar
fashion, we demonstrate that the magnetic twisting cytom-
etry technique is able to reveal some hidden information
on the cell–matrix interactions while not altering cellular
integrity. This is because the beads act as non destructive
sensors, i.e., similarly to the micropillar above, generat-
ing a minimal stress that leave the cell in a state which
is as close as possible from normal culture conditions. In
other words, bead probing of cell–matrix interactions is nat-
urally performed through multiple bond stretching while
bond stretching occurs directly at the cell surface with no
room for tether formation nor for extensive bond breakage
as required by the measure of rupture forces during AFM
experiments (Noy and Friddle 2013). At the same time, the
bead–cell displacement which occurs at themicrometer scale
during bead twisting is huge compared to the bond size, a
stretching condition which enables us to neglect the bond
rebinding (Kon ∼ 0 s−1). This is a new confirmation that
the proposed method essentially aims at comparing cellu-
lar/molecular remodeling in between different experimental
conditions.

There are indeed a number of criteria to follow if one
wants to extract meaningful adhesion parameters from bond
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studies. The most striking one are that stretching forces have
to be placed into the mechanical, structural, and dynamical
contexts proper the bond studied. Clearly, the bead-twisting
system used herein enables us to stretch adhesion bonds
while not altering cell integrity. Moreover, the fact that each
bond is allowed to break randomly provides realistic condi-
tions formeasurement ofmechanical and adhesion properties
because of minimal destruction of intracellular and interfa-
cial molecular bonds. If the loading rate regimes could not
be deeply modified by the bead twisting technique, the large
populations of beads (∼105) and bonds (∼107) involved in
each experiment provide a statistical estimate of the multiple
random molecular interactions occurring between CSK and
cross-linking proteins on the one hand, and at the bead–cell
interface on the other hand.

Thus the present approach can be seen as providing an
homogenized response of both adhesion parameters and
mechanical properties treated simultaneously and specifi-
cally (Ohayon et al. 2004). Indeed, the multiscale intra-
cellular properties of the cytoskeleton are integrated into
a few integrated viscoelastic parameters herein consid-
ered by three exchangeable solid-like models which provide
complementary information which are obtained at differ-
ent scales (Balland 2006). The shape of the loading signal,
i.e., its frequency content, is unmodified in the course of
present experiments, letting the three viscoelastic models
tested provide more or less equivalent information about
the deep nature of intracellular structure. Note that the
power law model which includes a wide number of char-
acteristic times for the structure, might take into account
part of the molecular response and thus bring to a certain
extent some redundancy. This might be the reason explain-
ing why the evolution of adhesion parameters obtained with
the models with more than two elements (Tables 2 and 3
in Supplementary Material) appears indeed less significant
than the evolutions obtained with the one element solid-like
model.

By combining experimental and theoretical approaches,
we are able to achieve a multiscale assessment of (1) the
CSK-specific cell adhesion system and (2) the CSK-specific
internal structure. The same probing system, i.e., a CSK-
specific probing system, is used to concomitantly (1) stretch
CSK-specific cell surface bond receptors and (2) deform
cell structure. Thus, this multiscale MTC enables extracting
adhesion kinetics parameters and cell mechanical proper-
ties can be done at the same time and through the same
maneuver, i.e., basically a clamp. We purposely used sto-
chastic theory of multiple bond association and simplified
bond configurations (e.g., zipper and parallel), to demon-
strate that lifetime response of collective bonds breaking
randomly can be described by a Bell-type model whose fac-
tors (natural dissociation rate and exponent) are modulated
by bond number (Isabey et al. 2013). Advantageously, an

equivalent “single bond” model can be used to describe the
molecular and cellular responses to bead clampingmaneuver
and evaluated this response throughout a variety of biological
conditions. Note that the bead twisting system used herein
has already proven its high CSK specificity and capability to
reveal hidden aspects of the CSK-mediated cell response (Na
et al. 2008); the Cajal bodies in the nucleus (Poh et al.
2012). In summary, we presently demonstrate that cellular
and molecular properties (here of A549 cell lines) can be
simultaneously extracted from the response to loading by
magnetic bead twisting of living cells either adherent to a
planar 2D substrate or embedded in a 3D matrix of Type I
collagen.
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Appendix

To simplify the general solution given by Eq. (7), we con-
sider N identical independent bondsworking collectively and
organized in two extreme cases of loading distribution, i.e.,
parallel where each attachment shares the same force, and
zipper where all the force is experienced by a single leading
edge attachment until failure when it is passed on the next.

For parallel:

Toff( f ) = t0off

N∑
n=1

(
1

n
exp

(
− f

n fβ

))

≈
[
t0off

(
2 f

N fβ

)−0.5

exp

(
− f

N fβ

)]

N≥2, f 	=0

(22)

For zipper:

Toff( f ) = t0off

N∑
n=1

(
exp

(
− f

fβ

))
= t0off N exp

(
− f

fβ

)

(23)

The series appearing in Eqs. (22) and (23) have previ-
ously been proposed by Evans (2001) and Williams (2003).
The analytical form in Eq. (23) has been initially given by
Williams (2003) while that of Eq. (22) has been recently pro-
posed by Isabey et al. (2013). Noteworthy, these analytical
expressions describe overall lifetimes (conversely, the over-
all dissociation rate) suggesting that, to describe multiple
bonds, a Bell-type model holds in very different conditions

of loading Koff( f ) = K 0
off exp

(
f

fc

)
similar to Eq. (11).
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For parallel bonds, the prefactor of the Bell-type model is
given by:

K 0
off = k0off

[
N∑

n=1

1

n

]−1

≈
[

k0off
0.6 + ln N

]

f = 0,N≥10

or K 0
off ≈ k0off

(
2 f

N fβ

)0.5

f 	=0,N≥2

and fc = N fβ (24)

For zipper bonds:

K 0
off =

[
k0off
N

]

f = 0

and fc = fβ (25)

Application of a force to such a complexbond systemmadeof
several uncooperative identical weak bonds exponentiates its
dissociation. This behavior resembles the single bond behav-
ior predicted by the Bell-type model (Evans 2001; Evans and
Kinoshita 2007; Evans and Ritchie 1997). However, at given
force, bond association dramatically decreases the rate of dis-
sociation compared to the single bond. In parallel bonds with
homogeneous force redistribution at each step, the global dis-
sociation rate is exponentially decreased as the bond number
increases (Eq. (24)). In zipper bonds, the natural dissocia-
tion rate decreases linearly as number of bonds N increase
independently on force level (Eq. (25)), while exponent is
unaffected by N .
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