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Research article: To characterise the
early phase of integrin-mediated adhe-
sion in alveolar epithelial cells, the force
spectroscopy method is revisited by a
new theoretical approach predicting ad-
hesion reinforcement in multiple bonds
working non-cooperatively with homo-
geneous redistribution of the stretch-
ing force. The present results show that
the multiple bond force spectroscopy
method presently proposed enables de-
tection of bond number and the im-
pact of bond association on adhesion
reinforcement.
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Background Information. Integrin-mediated adhesion is a key process by which cells physically connect with their
environment, and express sensitivity and adaptation through mechanotransduction. A critical step of cell adhesion
is the formation of the first bonds which individually generate weak contacts (~tens pN) but can sustain thousand
times higher forces (~tens nN) when associated.

Results. We propose an experimental validation by multiple bond force spectroscopy (MFS) of a stochastic model
predicting adhesion reinforcement permitted by non-cooperative, multiple bonds on which force is homogeneously
distributed (called parallel bond configuration). To do so, spherical probes (diameter: 6.6 m), specifically coated by
RGD-peptide to bind integrins, are used to statically indent and homogenously stretch the multiple bonds created
for short contact times (2 s) between the bead and the surface of epithelial cells (A549). Using different separation
speeds (v = 2, 5, 10 um/s) and measuring cellular Young’s modulus as well as the local stiffness preceding local
rupture events, we obtain cell-by-cell the effective loading rates both at the global cell level and at the local level
of individual constitutive bonds. Local rupture forces are in the range: f* = 60 — 115 pN, whereas global rupture
(detachment) forces reach F* = 0.8 — 1.7 nN. Global and local rupture forces both exhibit linear dependencies
with the effective loading rate, the slopes of these two linear relationships providing an estimate of the number of
independent integrin bonds constituting the tested multiple bond structure (~12).

Conclusions. The MFS method enables to validate the reinforcement of integrin-mediated adhesion induced by
the multiple bond configuration in which force is homogeneously distributed amongst parallel bonds. Local rupture
events observed in the course of a spectroscopy manoeuver (MFS) lead to rupture force values considered in the
literature as single-integrin bonds.

Significance. Adhesion reinforcement permitted by the parallel multiple bond association is particularly challenging
to verify for two reasons: first, it is difficult to control precisely the direction of forces experimentally, and second,
because both global and local bond rupture forces depend on the effective loading rate applied to the bond.
Here, we propose an integrin-specific MFS method capable of detecting bond number and characterising bond
configuration and its impact on adhesion strength.

Mo whom correspondence should be addressed (email: Abbreviations: AEC, alveolar epithelial cells; AFM, atomic force microscopy;
ganlel.lsabey@lnserm.fr) . ECM, extracellular matrix; KS, Kolmogorov—Smirnov; MFS, multiple bond force
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Introduction

It is widely recognised that forces acting on cells
govern important regulatory events and thus are key
factors in biological processes. Force transmission
across plasma membrane is mediated by mechanore-
ceptors such as integrins which are present in most
matrix-related adhesions sites (Schwarz and Gardel,
2012). By relating intracellular structure (the cy-
toskeleton) to extracellular matrix (ECM) ligands,
integrin—ligand binding plays a central role in the
force-control of cell adhesion (LaCroix et al., 2015)
and in the ability of cells to sense and to adapt to their
mechanical environment (Discher et al., 2005). Inte-
grins not only transmit signals to cells in response to
the cellular attachment to extracellular environment
(outside-in signalling) but also infer intracellular cues
to alter their interaction with extracellular environ-
ment (inside-out signalling) (Liu et al., 2000). This
is why integrins and more precisely the receptor—
ligand binding are key pieces of mechanotransduc-
tion, a process by which cells convert physical forces
into changes in intracellular biochemistry (Ingber,
2003). Thanks to these integrin-specific protein—
protein linkages, and to other types of intracellular
structures such as the tensed cytoskeleton, physical
forces contribute to cell regulation and to cell sensi-
tivity as efficiently as — and even more rapidly than —
biochemical processes (Wang et al., 2009).

Force regulation of cell adhesion is possible be-
cause integrin—ligand junctions are non-covalent
junctions which collectively can sustain high me-
chanical strength of the order of 10 nanoNewton
(Palecek et al., 1997) but individually generate weak
contacts resisting only several tens of picoNewton
before subsequent strengthening (Lo Schiavo et al.,
2012). Both dynamic adhesion models and studies
of cell sensitivity on substrates of different stiffness
show that nascent adhesion sites, 7e. the early stage
of development, enable cells to be sensitive to me-
chanical environment and exhibit a stiffness (or in-
tracellular tension) dependent reinforcement while
they are still in a reversible state (Choquet et al.,
1997; Féréol et al., 2009). To counterbalance their
relative weakness on adhesion sites, the mechano-
sensitive bonds have to work together in order to
sustain force. Indeed, subsequent adhesion strength-
ening occurs through integrin clustering and linkage
to the cytoskeleton (Cluzel et al., 2005; Taubenberger
et al., 2007). Many bond structures can be consid-
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ered but we focus here on two major configurations
as models of initial adhesion reinforcement: the par-
allel and the zipper configurations (Williams, 2003)
because they take into account two opposed situa-
tions in terms of force distribution on bonds, namely
the fully homogeneous or fully heterogeneous force
distributions, respectively, which lead to quite dif-
ferent levels of adhesion reinforcement (Isabey et al.,
2013). Our aim is to assess experimentally some key
aspects of the multiple bond theory for parallel con-
figuration on alveolar epithelial cells (AEC) using (i)
atomic force microscopy (AFM) which is the appro-
priate technique to study the parallel bond configura-
tion (Sulchek et al., 2005; Rankl et al., 2008) and (ii)
a modified force spectroscopy technique called mul-
tiple bond force spectroscopy (MFES) to assess, on the
same force—distance curves, the essential features of
multiple bonds.

In spite of numerous studies to characterise single
bonds notably by force spectroscopy (Li et al., 2003;
Sunetal., 2005; Evans and Kinoshita, 2007), the pre-
dicted behaviour of multiple receptor—ligand bonds
(Williams, 2003; Isabey et al., 2013) has been rarely
validated experimentally for integrins (Sulchek et al.,
2005; Rankl et al., 2008). To do so, we use coated
spherical micrometer probes to mimic a small matrix
specifically recognised by integrins while using short
contact times and quasi-static conditions of approach,
indentation and retraction. This procedure enables us
to compare the overall strength of a newly generated
integrin-specific multiple bond system created at the
probe—cell interface to that of its constitutive individ-
ual bonds. Through a precise estimate of the loading
rates specific to the global and local rupture events,
the MFS method allows us to determine the charac-
teristics of the multiple bond system — including the
bond number — by comparing them with the proper-
ties of single bonds which collectively contribute to
the reinforcement of the multiple bond.

Results

In order to assess the integrin-specificity of the probe
coating (see Material and Methods), comparative
measurements of detachment forces were prelimi-
nary performed with the same probe while testing
non-specific and specific coating conditions. The four
conditions tested are: (i) the bare probe cleaned by Tri-
ton and then Ethanol (non-specific coating), (ii) the
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probe cleaned by air plasma treatment (non-specific
coating), (iii) the probe cleaned by plasma treatment
and coated with BSA (non-specific coating) and (iv)
the probe cleaned by air plasma treatment and coated
with arginine—glycine—aspartic (RGD) 2.5 mg/ml
(integrin-specific coating). The data obtained with
these four conditions on A549 cells are shown in
Figure 1: (i) for the raw data, where four typical
force—distance curves obtained in four cells are pre-
sented in Figure 1A, (ii) for the detachment forces
measured in a large population of cells in Figure 1B.
One can observe in Figure 2A that the amplitude of
the force—distance curve obtained in condition (iv) is
much higher than the three other curves, revealing
that integrin-specific coating results in higher de-
tachment forces, and a higher number of local rupture
events (Figure 1A). Clearly, integrin-specific coating
of the bead enables assessment of integrin-specific
binding in A549 cells.

Cell adhesion parameters and cell mechanical prop-
erties are measured through these integrin-specific
linkages in wide groups of AEC (z = 100; see
Table 1). These measures aim at evaluating the effects
of three different probe displacement speeds (v = 2,
5, 10 um/s) using identical speeds for the indenta-
tion and separation phases. We find that maximal
detachment force noted F* (Figure 2A) and work
of adhesion W4, (Figure 2B) tend to increase when
the separation speed is increased. Nevertheless, the
spread of results is important {see the large standard
deviations (SD) of F * and W_q, shown by Table 1}and
reflects the intercellular variability since each value
represents a different cell. Intercellular variability is
also important for the measured Young’s modulus
E i values — measured in the indentation phase —
although the differences in E . measured between
the three indentation speeds are not systematically
significant (Figure 2C). Because of this large intercel-
lular biological variability, the evolutions of the mean
values of F* and W,q;, are not linear with separation
speeds (see Figures 2A and 2B and Table 1). Notewor-
thy, the variability in E . results in variability of the
global loading rate through Eq. (10) written at the
cellular level: r¢(= kcev) with &ce the cellular stiff-
ness defined by: £cey = Ecen X 8 (in pN/um) and
8 a characteristic distance scale. Thus, intercellular
variability of the Young’s modulus results in load-
ing rate variability which in turns contributes to the
measured variability in F*(through for instance Eq.

Figure 1|Specificity of RGD coating seen on force-
distance curves and detachment forces

The effect of three non-specific and one integrin-specific
probe coating conditions shown: in (A) on four typical
force—distance curves obtained in four different alveolar epi-
thelial cells (A549) with (i) bare probe (green curve), (i) plasma
treatment (orange curve) and (iii) plasma treatment with BSA
coating (brown curve), (iv) plasma treatment + RGD 2.5 mg/ml
coating (purple curve). In (B) on detachment forces F*(in nN)
obtained throughout a wide number of cells. Dot in box marks
the mean value, whisker bars the £SD values, and horizontal
bar in box gives the median value. For F*, the integrin specific
probe coating results in significant differences with the three
non-specific coating conditions.
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Figure 2| See Legend on next page
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(7)) and W,qp, but intrinsic variability of the molecu-
lar bond systems could also contribute. Interestingly,
the closeness between median values and mean val-
ues (Figures 2A and 2B) suggests that values of F*
and W,qy, are close to a normal or Gaussian distribu-
tion which remains consistent with the assumption
that data dispersion arises from intercellular biolog-
ical variability (Cardinal, 2015). The characteristic
distance scale & has been estimated cell by cell from
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Figure 2| Detachment force F*, work of adhesion W,qy,
and Young’s modulus E . are obtained throughout a wide
number of cells for three different speeds of either sepa-
ration (for F* and W ,q4) or indentation (for E c¢)

(A) Maximal detachment force (F*in nN) and (B) work of ad-
hesion (Wagh in NN x pm) are measured cell-by-cell during
retraction in A549 cells for three different predetermined sep-
aration speeds v, namely v = 2 um/s (blue diamonds); 5 um/s
(red diamonds); 10 um/s (green diamonds). The numbers of
tested cells are: at v = 2 um/s, n = 100; at v = 5 um/s,
n=121,atv =10 um/s, n = 112. The squares in rectangular
boxes mark the mean value, whisker bars the +SD values and
the horizontal line in each box gives the median value. Black
horizontal bars display statistical significance (p < 0.005). (C)
Young’s modulus (Ece in Pa) measured cell-by-cell during
indentation in A549 cells for three different predetermined in-
dentation speeds, v, namely v = 2 um/s (blue diamonds);
5 um/s (red diamonds); 10 um/s (green diamonds). Number
of tested cells is: at v =2 um/s, n = 100; at v = 5 um/s,
n =121, atv =10 um/s, n = 112. Square in rectangular box
marks the mean value, whisker bars the £SD values, and hor-
izontal line in box gives the median value. Black horizontal bar
displays statistical significance (p < 0.005).

the ratio W,q,/F * (see Table 1). The method to esti-
mate § appears more reliable than a rough estimation
of the slope (derivative) on the force—distance curve
which is not constant. The mean (£SD) global load-
ing rate values so calculated are presented in Table 1.
The advantage of the present approach is to provide
a cell-specific estimate of the three interdependent
parameters: F*, W, and r¢(= £cepv).

The relationship (F* — lnr¢) between the maximal
detachment force measured during separation and the
global loading rate are plotted in Figure 3 for several
hundred cells (see Table 1), tested with three sepa-
ration speeds. We also plot on the same graph the
mean values of F* (£SD) and r¢ (£SD) which rep-
resent the most likely values (£SD) for each group
(Table 1). The whole set of data can be fitted with
a linear regression line plotted in Figure 3 (slope
and intercept are given in Table 2). The slope of the
linear regression line leads to the reference force Fg
(= 342 pN) and the intercept at rg= 1 pN/s leads
to the natural dissociation rate, K% (= 0.16 s™1).
For the regression line (not shown) relating the most
likely values of F * and ¢ obtained in each group, we
find close values: Fg(= 467 pN) and Koff(— 0.43s7 1
(see Table 2).
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Table 1| Mean values +SD of global mechanical (E.e,) and adhesion parameters (F*and W,q,) determined in ‘n’ different
cells and at three different predetermined indentation/separation speeds v = 2, 5, 10 um/s. The characteristic distance of
cell deformation is estimated from § = W4, /F* in each cell. The global loading rate r; is calculated cell-by-cell from the

product: ry = Ece x § x Vv, as described in the Results section

v =2 pum/s v=>5pum/s v=10um/s
(n = 100) (n=121) (n=112)

Mean SD Mean SD Mean SD
Global detachment force F* (nN) 0.84 0.27 1.7 0.53 1.71 0.53
Work of detachment Wagn (NN x um) 1.68 1.1 3.53 2.03 417 1.7
Young’s modulus E ¢ (Pa) 394 284 528 337 438 256
Characteristic distance §(um) 1.96 1.02 2.18 1.27 2.58 1.14
Global loading rate r¢(pN/s) 142 x 108 113 x 10° 502 x10° 3.19x 10% 1.02x10* 5.81 x 10°

Figure 3 | Force-loading rate relationship at the global cel-
lular level

The relationship between the maximal detachment force (F*
in pN) and the global loading rate (s in pN/s) plotted on a
natural logarithmic scale and calculated as indicated in the
text. The slope of the linear regression obtained on many cells
(one measure per cell) gives the reference force Fyz and the
linear regression intercept with vertical axis at ry = 1 pN/s
provides the natural dissociation rate Kgff (in s7") using the
relation [F*]y,_1pngs = —F sIN(K2:F 5).

F (pN)
g

500 o

000] . ) slope gives F,

a s . 0
N\ y-axis intercept gives K°

10° 10’ 10° 10° 10*
Global loading rate (pN/s)

We also conducted a detailed analysis of the lo-
cal rupture events on each cell-specific force—distance
curve every time measurable rupture events could
be identified (see Material and Methods). In general,
several rupture events could be detected on each
curve, leading to a larger number of local rupture
events than the number of curves (n = 326-459;
see Figure 4). Results are expressed in terms of lo-

cal rupture force noted /™ for the different separa-
tion speeds. They are plotted in Figure 4 and sum-
marised in Table 2. The magnitude of f* is always
much smaller than F* (see Tables 1 and 2). For
each separation speed, statistics of rupture forces fol-
low a Gaussian distribution which is validated by
the p values of the Kolmogorov—Smirnov (KS) test
( < 0.01) and confirmed by the Gaussian fit of
histograms shown in Figure 4A. Significant differ-
ences are observed between the mean values of f*
measured for the three different separation speeds
tested. To obtain the local loading rate preceding
each rupture event, we measure the slope of the force—
distance curve, right before the instant of bond rup-
ture. The pre-rupture loading rate is locally obtained
as indicated in Experimental Methods section. A lin-
ear regression line can be found between the mea-
sured rupture force f/* and the pre-rupture loading
rate r¢ (Figure 5). The slope of the linear regression
line leads to the reference force fg(=~30 pN) and
the intercept at »f = 1 pN/s leads to the natural
dissociation rate, ,égff(z 0.65 s 1. For the regres-
sion line (not shown) relating the most likely val-
ues of f/* and r¢ obtained in each group, we find
close values: fg(=40 pN) and ,égff(zlﬁ s71) (see
Table 3).

Discussion

Comparison of MFS data with literature and theory
Integrins are transmembrane mechanoreceptors link-
ing the actin cytoskeleton to the ECM through molec-
ular bonds which individually generate weak contacts
resisting only several tens of picoNewtons before sub-
sequent strengthening (Cluzel et al., 2005). In the

© 2017 Société Francaise des Microscopies and Société de Biologie Cellulaire de France. Published by John Wiley & Sons Ltd
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Table 2 | Mean values +SD of local rupture forces f *and the local loading rates r; estimated at three different predetermined

separation speeds: v =2, 5 10 um/s

v=2um/s v=>5um/s v =10 um/s
(n = 64) (n=79) (n=28)
Mean Mean SD Mean SD
Local rupture force f * (pN) 59.1 77.3 35.4 114.6 40.6
Local stiffness kiocal = df/dx (PN/um) 131.7 114.9 61.9 451 93.2 755
Local loading rate ry (pN/s) 263.3 229.7 309.6 225.3 931.9 755.3

The local loading rates are calculated from the local stiffness kiocal (the slope of the force—distance curve preceding each rupture event)
from the expression: »¢ = k.l X v. ‘N’ is the number of tested cells. The totality of the ‘n’ force—distance curves analysed in Table 1 for
global parameters did not exhibit identifiable local rupture events, hence the smaller number ‘n’ of cells available for local rupture event

analysis.

present study, integrins are probed in alveolar epi-
thelial (A549) cells for short contact times (i.e. 2s) by
MEFS, leading to values of rupture forces for local rup-
ture events in the range 60—115 pN. The short con-
tact time corresponds to the initiation of adhesion re-
inforcement which is presumed to take place over the
first minute, according to Taubenberger et al. (2007).
In this phase of adhesion initiation, integrins start
clustering but these receptors clusters remain small
and are not necessarily detectable by conventional
optical techniques (Laukaitis et al., 2001). Hence,
the idea of the present study which consists in us-
ing a specifically defined MFS method to characterise
this eatly phase of adhesion reinforcement. Notewor-
thy, the range of rupture forces presently found by
MES for local rupture events (60—115 pN) is ina-
greement with the range of force values (40—100 pN)
found with a method called single-integrin unbind-
ing rupture events (referred as DFS for dynamic force
spectroscopy) by Taubenberger et al. (2007). The ex-
perimental conditions of Taubenberger et al.’s study
and of the present study are very similar: contact
times are much smaller than 1 min (Z.e. 50 ms and
2 s, respectively), effective loading rates lie in a low
range (z.e. <10% pN/s and <103 pN/s, respectively),
whereas the integrin tested by Taubenberger et al.
(7.e. aB1) in Chinese hamster ovary cells are also
present in A549 cells. This similarity comforts the
assumption that present local rupture events reflect
the rupture of single integrin.

The early phase of integrin association is a critical
step of cellular adhesion since formation of the first
few bonds within short contact durations (seconds)
results in a bond configuration with multiple-bond
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Figure 4 | Histograms and statistics of local rupture forces
f* for the three different speeds tested

(A) Histograms and (B) plotted values and box-whisker of the
measured local rupture forces (f * in pN) obtained from the
force-step increases occurring on the force-distance curves.
These two representations are given for three different pre-
determined separation speeds, namely v = 2 um/s (blue dia-
monds); 5 um/s (red diamonds); 10 um/s (green diamonds).
The squares in each rectangular boxes mark the mean value,
whisker bars the £SD values, and the horizontal lines in each
box gives the median value. Black horizontal bars display
statistical significance (p < 0.001). Note that the number of
rupture events is much larger than the number of tested cells
because of several rupture events per cell.
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Figure 5| Force-loading rate relationship at the local level
Relationship between the local rupture force (f * in pN) and
the local loading rate (rs in pN/s) plotted on a natural log-
arithmic scale and calculated as indicated in the text. The
slope of the linear regression gives the reference force fg
and the intercept with vertical axis at ry = 1 pN/s provides
the natural dissociation rate kgﬁ (in s~") through the relation
[f “Tre1pngs = —F IN(S,f p).
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attachment supporting high mechanical strength, 7.c.
in the range from 1 to hundreds nanoNewton as typi-
cally found in a variety of membrane adhesion re-
ceptors (Bongrand and Bell, 1984) and notably for
integrin—ligand interactions (Palecek et al., 1997).
With the probing system presently used (see Mate-
rial and Methods), we purposely aim at binding not
one but several integrins. This leads to a reinforced
bond strength because the force is exerted on a col-
lective bond system. The efficiency of this collective
bond association is verified by the level of detach-
ment forces (i.e. range 1-2 nN) which is markedly
above rupture forces presently found for the individ-
ual integrins (40—100 pN) composing the collective
bond system. A similar conclusion was reached by
Tautenberger et al. (2007) who similarly observed
a reinforcement phase of rapidly increasing adhe-
sion (preceding the maturation phase) except that
we presently consider that the mechanism of rein-
forcement starts with non-cooperative bond associa-
tion before cooperativity takes place in the process of
adhesion maturation.

The theory of multiple bond association (see Mate-
rials and Methods and Williams, 2003) demonstrates
that significant adhesion reinforcement is possible
in non-cooperative bonds which remain dynamically
independent, 7e. which break individually at ran-
dom different times. Such adhesion situation occurs
before cooperativity (Zhang and Moy, 2003) when
independent bonds created at the probe—cell inter-
face operate according to a ‘parallel’ bond config-
uration which uniformly distributes force amongst
active bonds (Williams, 2003). We have previ-
ously shown in non-cooperative bonds that consid-
erable increase in overall bond lifetime is brought
by the homogeneous force distribution, whereas he-
terogeneous force distribution is not so efficient in
terms of reinforcement (Isabey et al., 2013). The
non-cooperative multiple bond model may also ex-
plain why measured strengths of a bond strongly de-
pends on the pulling direction thus causing further
variations in the unbinding force (Bustamante et al.,
2004). Note that the parallel bond configuration is
known to be appropriate during force spectroscopy
measurements by AFM (Sulchek et al., 2005; Rankl
et al., 2008). In the present study, we confirm experi-
mentally and theoretically that the ‘parallel’ bond
configuration is capable of inducing a rapid increase
in rupture force by at least one order of magnitude.

Another consequence of the multiple bond parallel
model concerns the calculation of the ratio between
the slopes of the F* — In(r¢) and f™* — In(r¢) linear
relationships. This ratio provides a straightforward
method to estimate the number of dynamically inde-
pendent still non cooperative bonds. In present exper-
iments, we obtain: Fg/fg = Nfg/fpg =N~ 12
(see Table 3). Although this estimate lacks accuracy
because calculating a ratio doubles the error, the order
of magnitude can be compared with previous stud-
ies. A substantially higher bond number was recently
found (i.e. N &~ 50 — 100) for the same integrin-
RGD binding during magnetic twisting cytometry
(MTC) (Isabey ez @l., 2016) which is consistent with
the longer contact times used during MTC exper-
iments (30 min) compared with AFM experiments
(2 s). Direct comparison of F* and f* cannot be
performed because these two quantities correspond
to quite different loading rates. Nevertheless, one
can compare the global and the local loading rates,
and this comparison may lead to an alternative esti-
mate of the bond number (see Material and Methods
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Table 3| Typical linear relationships obtained between force and loading rate obtained globally at the cell scale (F* —ry)
(upper part of the table) and locally for each rupture event (f * — r) (lower part of the table)

Slope (= F) (pPN) Intercept (pN) R xg (nm) K% (s™") 7% ()
Global Whole data set 342 -1.36 x 108 0.57 0.012 0.16 6.4
detachment (n =332)
force—global
loading rate
Three-point 467.4 —2.48 x 108 0.94 0.009 0.43 2.34
method (n = 3)
Slope (~ f g) (PN) Intercept (pN) R Xg (Nm) K% (s7T) 2 (9
Local rupture Whole data set 29.7 -88.1 0.69 0.138 0.65 1.53
force—local (n=171)
loading rate
Three-point 40.3 —160 0.98 0.102 1.32 0.76
method (n = 3)

Two methods are tested: (i) a method based on the law of large numbers (from the ‘n’ cell tested) in which each point represents a given
set of values: force and loading rate, obtained in a given cell, (i) a method in which each point represents the three sets of values obtained
for the three indentation speeds tested: mean value (£SD) of force for each corresponding mean value (£SD) of loading rate. Because
distributions of force amongst cells or local rupture events are almost Gaussian (see Figures 3 and 5), the second method is close to
the classical approach in which the most probable value (corresponding to the peak of probability density distribution) is plotted as a
function of loading rate. First three columns: slope (i.e. reference forces Fg for global and /4 for local rupture events), the intercept with the
vertical force axis, and the correlation coefficient R. Last three columns: values of xg(distance at which energy barrier is Iooated) natural
dissociation rate K at global scale and Y% at local scale, and lifetimes at global and local scales, i.e. T% = (K%) ™" and 1% = ¢%)".

Note that the two methods ((i) and (ii)) tested lead to similar differences in terms of magnitude for adhesion parameters estimated at global

and local scales.

and Rankl ez a/., 2008), i.e. N = [relgiopa fi7eh,, =
5546 pstl/SOZ pNs~! & 11, a value actually very
close from that obtained by the ratio Fg/f4(= 12).

Complementarily, the experimental values of natu-
ral dissociation rates given in Table 3 (k) = 0.65
and K% = 0.16) lead to a ratio: (,éoff/KOff A 4),
which differs from the bond number given by the
ratio: F/g/fﬁ = N (= 12). This result is consistent
with the prediction of the parallel bond model which
would predict: £% /K% ~ InN = 2.5 for N = 12
(see Materials and Methods).

Linear force ramping appears to provide a satis-
factorily curve-ficting model for the global and local
bond rupture behaviours (see Figures 3 and 5) thus
confirming the interest of the approach proposed (the
so-called MFS method) to relate the global to local
rupture events. Advantageously, the intrinsic biologi-
cal variability is taken into account by performing
measures in a large number of cells whereas minimis-
ing the force-induced cellular adaptation response by
performing a unique force spectroscopy curve per cell.
Biological variability is illustrated by the large val-
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ues of standard errors found for global and local rup-
ture forces as well as for loading rates (see Figures
3 and 5 and Tables 1 and 2). Indeed, we could not
perform several measures of rupture force (global or
local) at the same loading rate and thus could not
make the statistics of rupture force (global or local)
at predetermined loading rate because of biological
variability. However, the relationships between rup-
ture force and loading rates could be characterised (at
global and local scales) by performing a wide num-
ber of rupture force measurements at various loading
rates. Noteworthy, based on probability theory, the
relationships obtained from a large number of trials
should be close from the expected linear relationships
predicted by the probability theory of single or mul-
tiple bond rupture (see Materials and Methods).

Cell elasticity characterisation by indentation

There is a close relation between cell mechanics and
cytoskeleton (Li et al., 2008). This is particularly
the case in the present study where the AFM probe
is functionalised to be specific of transmembrane
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integrins and beyond to the F-actin structure which
is physically connected (Choquet et al., 1997). Nev-
ertheless, for a small indentation, even in the absence
of probe coating like in the study by Li et al. (2008),
the cytoskeletal structure just beneath the cell sur-
face membrane forms the region of interest. Note
also that stress or strain adaptation response of the
cell is avoided in the present study because a unique
force—distance curve is performed for each given cell.
Finally, although assumptions like homogeneous,
isotropic, elastic material cannot be completely ful-
filled when applying Hertz model, it is widely ac-
cepted that this model gives a good approximation of
Young’s modulus when the tests are conducted under
small compressing or stretching deformations, e.g.
presently <10% (Kuznetsova et al., 2007; Li et al.,
2008). Young’s modulus values presently obtained
in A549 (range: 400-530 Pa) are in agreement with
what is found by Li et al. (2008) in benign human
breast epithelial cells using polystyrene beads of simi-
lar micrometer size (4.5 pum): similar range of curve
fitting indentation depth (<0.5 pum), a similar cen-
tral location in the cell and the bottom range of load-
ing rate (i.e. 0.03 Hz corresponding to a loading rate
of 200 pN x 0.03 Hz = 6 pN/s). Note that no load-
ing rate dependence of Young’s modulus was found
inLietal., as found in the present study. Moreover, in
both studies, a spherical bead indenter is used instead
of a sharp tip in order to get better assessment of cell
elasticity by averaging over a larger cell surface area,
while keeping contact geometry self-similar during
indentation (Mahaffy et al., 2004). Finally, spheri-
cal bead are purposely used to minimise local strains
and reduce the possibility of nonlinear or destructive
cellular deformation (Dimitriadis et al., 2002).

Characterisation of the loading rate dependence
of adhesion by MFS

The use of three separation speeds in the range
2-10 pm/s has permitted to extend over about
two decades (but no more) the range of local and
global loading rates, z.e. 30-3000 pN/s for the lo-
cal loading rate (Figure 5) and 300-30,000 pN/s for
the global loading rate (Figure 3). Regarding the
wide number of AFM studies performed on single-
molecule experiments in a variety of protein—ligand
complexes — extensively reviewed in Lee et al. (2007)
— local loading rates presently tested lie in the bot-
tom range of the loading rates used in the single-

bond literature. Moreover, the effective bond length
or bond stretching distance is generally <1 nm which
is presently the case for our local integrin—ligand
bonds (xg = 0.138nm) (see Table 3). In many cases,
the force-induced dissociation of a ligand—receptor
complex involves overcoming multiple activation en-
ergy barriers. For instance, in the streptavidin—biotin
molecular complex which is a non-covalent single
bond binding with one of the highest affinity lev-
els, not one but several energy barriers were found
(Grubmiiller et #/., 1996; Evans, 2001; Pincet and
Husson, 2005; Teulon ¢f #/., 2011). The energy land-
scape of single-molecule integrin—ligand bonds is
most likely different because the integrin binding
force lies in a much smaller range than the one of
the streptavidin—biotin molecular complex (Z.e. 32—
97 pN for integrins linked to different RGD-ligands
in (Lehenkari and Horton, 1999) and up to 200—
300 pN for streptavidin—biotin in Evans (1998). Us-
ing a wide range of loading rates (rg: 10— 10’ pN/s),
Zhang et al. (2004) found at least two activation po-
tential energy barriers (a steep inner barrier and a
more elevated outer barrier) for the integrin o4f,—
vascular cell adhesion molecule-1 (VCAM-1) inter-
actions. In the case where the system must over-
come a series of increasingly higher energy barriers
before final dissociation (i.e. possibly different from
the presently studied integrin system), the dissoci-
ation kinetics of the complex at low loading rates
is governed by the properties of the outmost bar-
rier (Li et al., 2003). In the present study, because
the loading rate is limited to the low range, data for
rupture force and loading rate dependence (shown in
Figures 4 and 5) reflect the external energy barrier
and not the inner one if any. This is why a unique
linear curve fitting was found sufficient to provide
a satisfactorily adjustment while a fitcting of rup-
ture forces on a larger range of loading rate might
have required double slope adjustment to include
the inner barrier behaviour (Lee et al., 2007). Simi-
larly, the force spectra (or histograms) obtained for
different separation speeds (still leading to explore
the low range of loading rates) (Figure 4) reflect the
dynamic strength (rupture forces) of the outermost
energy barrier while the innermost barriers are not
presently accessible with such a low range of load-
ing rates (Evans and Ritchie, 1997). The statistics of
local events shown in Figure 4A and Table 2 pro-
vides values of rupture forces consistent with this

© 2017 Société Francaise des Microscopies and Société de Biologie Cellulaire de France. Published by John Wiley & Sons Ltd
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assumption. Because the present study is limited to
short contact times (presently a couple of seconds),
the activation of adhesion state is limited (Tauben-
berger et al., 2007) and the outer barrier which is
the site of integrin activation not affected (Li et al.,
2003). Moreover, force spectroscopy manoeuvers are
performed only once in a given cell in order to mini-
mise cellular stress/strain adaptations, meaning that
present results could not be affected by preliminary
integrin activation. Another critical aspect recently
discovered in single molecule bonds (essentially the
streptavidin—biotin interaction) and stretched by a
combination of force ramp or force clamp concerns
the dependence of dissociation rate on the force his-
tory as well as on the instantaneous force applications
(Marshall et al., 2005; Pincet and Husson, 2005).
Note however that these history and force dependent
features failed to be observed in bonds involving the
B2-integrin (Evans et al., 2010).

In other words, present experimental conditions are
chosen in order to simplify a multibond system which
is necessarily complex: only the outer energy barrier
is considered (see above), only the early response of
attachement is considered (contact time 2 s) but the
set-up permits multiple bond attachments. More-
over, force upon contact must be small but not too
small (5 nN) to permit multiple binding. As a result,
the histograms of rupture forces presently obtained
from the local rupture events statistically follow a
Gaussian distribution (see Figure 4A). Using similar
experimental conditions, Taubenberger et al. (2007)
found that at early steps, o, 81 integrin—collagen rup-
ture forces also follow Gaussian distribution with sat-
isfactorily statistical significance. In most cases, the
rupture forces showed Gaussian distribution (KS test;
p < 0.01), indicating that a single class of unbind-
ing events was detected (Evans and Ritchie, 1997).
As mentioned in a previous study (Kinoshita et 4/.,
2010), by limiting the duration of contact, one can es-
tablish uniform conditions under which attachments
are formed at every touch, allowing the rare events
to be characterised by Poisson statistics — Gaussian
distribution being a limiting form of the Poisson
distribution. At the same time, histograms reflect-
ing the statistics of single bond integrin-RGD be-
haviour (outer barrier only and short contact times),
a Gaussian distribution is likely to provide a sat-
isfactorily fitting of force rupture histograms, thus

www.biolcell.net | Volume (109) | Pages 1-18

Nguyen and others

confirming the above assumption that ‘individual’
rupture events reflect single bond behaviour in the
experimental conditions and for the receptor—ligand
bond system presently tested.

Integrin linkages in A549 cells

Integrins are heterodimeric transmembrane receptor
proteins that mediate cell—cell and cell-ECM inter-
actions (Hynes, 2002) often via the specific RGD
motif which is presently used to coat the beads. The
specificity of RGD-binding integrins include five in-
tegrin subunits ay (@vfB1, ayvBs, ayPBs, ayPs and
OlVIBS), two ﬁl integrin subunits (065/31 and 068181)
and oy B35 (Humphries et al., 2006). Integrin sub-
units expressed at the apical surface of A549 cells are,
by decreasing order of importance: 81, ou3, @, &¢s and
oy Massin e al., 2004). In addition, integrin sub-
units &y associated with integrin subunits 83 and B
are expressed in A549 cells (Merilahti et al., 2016).
Incidentally, the forces measured for individual bond
rupture in Fibronectin—«5 8, interactions lie in the
range of rupture forces presently found in our cellular
model: 39 = 8 pN in (Li et al., 2003) and 40-100 pN
for (Sun et al., 2005).

The specificity of bead RGD coating guarantees
the specificity of integrin linkage. Indeed, with-
out coating (case of plasma treatment) or with a
non-specific integrin coating like BSA force spec-
troscopy measurements lead (in Figure 1) to signifi-
cantly smaller detachment forces F* compared with
a specific RGD-coating which moreover minimises
non-specific bonds by plasma treatment. In addition
to this adhesion specificity, the use of short contact
times (2 s) to prevent switching to a fully activated
adhesion state (Taubenberger et al., 2007) as well as
the use of a unique force spectroscopy curve per cell
to prevent force history effects (Marshall et al., 2005)
tend to justify one of the model assumptions in which
all bonds have identical energy barriers, i.e. a similar
maturation adhesion state (see Materials and Meth-
ods). Another important assumption of the model is
that long cellular extensions performed during force
spectroscopy experiments (presently up to 25 pm; see
Figure 6C) prevents close coupling between bonds,
meaning that uncorrelated failure mode and absence
of rebinding are two reasonable assumptions for our
model. Both assumptions have been used in previous
multiple bond studies (Sulchek et al., 2005; Rankl
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Figure 6 | See Legend on next page

» . 1 v
] o ot
1 1 1 1 1
e —— @ 1 T '
55 ) v LA
= 4 .
Ji e |
1 | f 1 1
R |
34 v TTTTTT " i oot 1
2] oo i
T ' i 1
= ! |
g 1 ; iContac| | :
E T 4 “tirms: 1
v i v
Sopr——3 |
| Retraction

Time (s)

= Experimental data
H = = = = Hertz fitting curve
34 A = = = = Linear fitting

\ Hertz fitting applied on
one-third of indentation part
/ to calculate the Young's modulus

Force (nN)

14 H
/ I— Linear fitting to determine the contact point

£ ]
0 3 a i
¢ Indentation

\Contact point

-1 ey T T T T T T d
15 10 05 00 05 10 15 20 25 30

Distance (um)
34 00— —— c
Rupture force (f) :m
02{
2- -
L g .
044 ' — pn;-rupture slope |

1+ [ f

z /
5 0864 E - = - |
2 4 6 8
3 o Shaded area - Work of adhesion (W._ )
S F_; i 8
'S 2
R ts s
14 upture even Tether elongation E Iy
S
g
@
o
2+ T T T T T )
0 5 10 15 20 25 30

Distance (pum)

et al., 2008). Compared with integrins at the bead—
cell interface, integrins on basal face of culture of
A549 cells are arranged into higher organised struc-
tures, such as focal complexes, focal adhesions and
fibrillar adhesions (Geiger and Bershadsky, 2001). In
these mature adhesive contacts, integrins are linked
to the tensed cytoskeleton via their intracellular do-

Figure 6 | Strategy for measuring adhesion parameters by
the Multiple bond Force Spectroscopy (MFS) approach
using AFM

(A) Typical force-time-dependent signal obtained by AFM de-
vice showing the sequence of successive manoeuvres used
for cellular experiments. Three characteristic periods can be
observed: (i) Approach and indentation of a RGD-coated
spherical probe (diameter: 6.6 um) at predetermined constant
speed (5 um/s on this record) up to the maximal pressing force
of about 5 nN, (ii) Cell contact during 2 s at contact force of
5 nN, (iii) retraction curve obtained at the same predetermined
constant speed (e.g. 5 um/s). (B) Typical force—distance curve
(blue curve) in the approach and indentation periods used to
calculate cell rigidity on a given cell (Young’s modulus in Pa)
obtained by the Hertz model (red dash line) fitted on the initial
portion (=*30%) of the cell indentation applied from the contact
point determined by the intercept between the Hertz model
(red dash line) and the horizontal linear fitting (green dash line).
(C) Typical force—distance curve (blue curve) in the retraction
period showing how global and local adhesion parameters
are obtained in a given cell: (i) the maximal detachment force
in NN range (or global rupture force: F* which is the highest
negative force value recorded and the work of adhesion Wyqgn
innN x um calculated from the shaded area, (ii) the local rup-
ture events (step increase) which aim at characterising (see
insert) the single bond rupture forces (in pN range) and the lo-
cal cellular/molecular stiffness (kiocal) from the negative slopes
preceding local bond ruptures. In case of zero slope (plateau)
which is attributed to tether extension with no measurable cell
stiffness, the local loading rate could not be estimated and the
rupture force data did not enter in the statistics of the loading
rate dependence of rupture force.

mains and through a multitude of structural adapter
proteins, such as vinculin, talin and oz-actinin and sig-
nalling adapter proteins, such as paxillin, src, cas and
FAK (Zamir and Geiger, 2001). Collectively, these
receptors contribute to high mechanical strength at-
tachments typically having hundreds of nanoNew-
tons which is far beyond the levels of adhesion re-
inforcement presently found for the early phase of
adhesion (a few nN only). Indeed, whereas the molec-
ular composition of integrin complexes and the sig-
nalling pathways controlling their macroscopic as-
sembly or disassembly have been analysed in detail,
less is known about the early molecular events leading
to the early critical phase of integrin-based adhesion
reinforcement.

© 2017 Société Francaise des Microscopies and Société de Biologie Cellulaire de France. Published by John Wiley & Sons Ltd
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Conclusions

The mechanisms of early adhesion reinforcement is
very general and needs to be tested in experiments
in which bonds are uniformly stretched because such
parallel bond configuration theoretically enables high
efficiency in terms of adhesion reinforcement (Is-
abey et al., 2013). Parallel configurations are dif-
ficult to evaluate experimentally without a specific
set up. AFM experiments enable stretching bonds in
such configuration by contrast to other techniques
(e.g. flow chamber, MTC), in which bonds are non-
uniformly stretched. Williams (2003) has shown that
the force-induced rupture of multiple uncorrelated
bonds can be described by a Markovian sequence en-
abling to predict the increase in rupture force result-
ing from bond association. Our approach is similar
(see Materials and Methods) except that the use of
analytical expressions of the unbinding dissociation
rates (Isabey et al., 2013) allowed us to show that a
Bell-type model can be used for parallel and zipper
bond configurations, leading to explicit expressions
of rupture force in terms of number of bonds Nand the
effective loading rate #;. To validate our multibond
model, we use MFS, a method which allows to relate
a ‘global’ rupture event to ‘local’ rupture events in a
given force spectroscopy curve. The statistics of global
and local rupture forces was performed by plotting,
for a large number of trials, the relationships between
rupture forces and effective loading rates for global
(multiple bonds) and local (single bond). The linear
relationships found are indeed predicted by the prob-
ability theory of single or multiple bond rupture and
permit to determine the number of non-cooperative
integrin receptors involved in the multiple bond re-
sponse. By contrast, previous studies on the early steps
of integrin binding (Taubenberger et al., 2007) were
not able to determine the exact number of integrin re-
ceptors per adhesive unit. Moreover, the single-bond
DFS experiments used in previous approaches require
a very low frequency of successful binding events
to avoid multiple attachments. This makes single-
bond experiments time consuming and the accumu-
lation of rupture force histograms difficult (Erdmann
et al., 2008). AFM has the great advantage of gen-
erating a speed-controlled unidirectional stretching
between a purposely functionalised probe and inte-
grin mechanoreceptors. In contrast to previous force
spectroscopy studies in which a narrow sharp inden-
ter was used (Lehenkari and Horton, 1999; Lee and
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Marchant, 2001), the spherical shape and the micro-
metric size of the probe was chosen in order to create
not a unique, but several CSK-specific bonds work-
ing together while inducing minimal depth of cell
indentation.

Material and methods

Theoretical methods and applications

Theory of multiple bond rupture

Cell adhesion is mediated by highly specific, weak receptor lig-
and bonds (Bell, 1978; Evans and Calderwood, 2007; Erdmann
et al., 2008) which must work together to sustain forces (Evans,
2001). We recently demonstrated that multiple bonds, working
stochastically, i.e. breaking non-simultaneously, have extended
lifetime. This means that associating dynamically independent
bonds (previously called uncooperative bonds (Williams, 2003))
results in adhesion stabilisation and thus adhesion reinforcement
(Isabey et al., 2013). However, the efficiency of this stabilisation
critically depends on bond number as well as on the failure mode.
The latter is characterised by the way the force is distributed
amongst the bonds, homogeneously or not. This leads us to con-
sider two opposed bond configurations: ‘parallel’ and ‘zipper’.
In the parallel configuration, the force applied on the collec-
tive bond structure is homogeneously redistributed amongst the
existing bonds each time a bond breaks stochastically. In the zip-
per configuration, the force distribution is totally heterogeneous,
the totality of the force being applied on the leading bond. After
random rupture of the leading bond, the neighbouring bond
then receives the totality of the force, and so on until complete
bond rupture. The stabilisation mechanism resulting from bond
association enables adhesion reinforcement, but depending on
bond configuration, fundamental differences appear in the force-
dependent dissociation rate and in the rupture force of the global
bond system. We detail below a theoretical approach describing
the effect of bond number on the global rupture force for each
configuration, knowing that the consequences on global bond
lifetimes have already been described in a previous paper (Isabey
et al., 2013).

The multiple bond rupture approach

The Kramer-Smoluchowski theory predicts that the global life-
time needed to transit across 7 sharp energy barriers — not neces-
sarily of identical magnitude — is the sum of the times needed to
transit across each individual energy barrier (Evans, 1998,2001).
The inverse of the lifetime is the dissociation rate, K ,¢( /), whose
expression is thus given by:

1 1
T > (f(?ff(meXp (_ﬁ>)

where [ is the force applied on the associated bond structure and
lé’ff(n) is the typical crossing time of the #™ barrier. This time
exponentially depends on the height of the chemical energy
barrier above the bound state. fg(z) is the force scale of each
individual energy barrier classically defined by:

ksT
xp ()

Ko (f) 1)

Tpn) = @



Cell adhesion by multibond force spectroscopy

kgT is the thermal energy scale (= 4.11 pN X nm) and xg(») is
the bond stretching distance in the direction of the force at which
the energy barrier is located (called transition state). Studying the
force—response of collective bonds made of N identical energy
barriers (e.g. integrin—ligand), for fully homogeneous (parallel
bond configuration) or fully heterogeneous (zipper bond config-
uration) force distributions, we recently demonstrated (Isabey
et al., 2016) that Eq. (1) can be approximated by a Bell-type
model whose prefactor and exponent depend on the failure mode
(or bond configuration) as indicated hereafter:

Kot () = K'gexp (Fi) )
B

where f is the total force of separation of the collective bond.
The prefactor K gff is the natural dissociation rate and the
denominator of the exponent, Fg, is a reference force. Eq.
(3) means that single and multiple bonds can be understood
through the same mathematical description. Noteworthy, the
parallel association results in a Weak N-dependence of the natu-

bt for N > 10 and f—0

InN”?

0.5

or KY% %'égffﬁ(%fﬁ) for N = 2 and f # 0. In addi-
tion, in the parallel bond configuration, the reference force
is proportional to N, ie. Fg = N fg. By contrast, the zip-
per configuration results in a stronger decrease in the natu-

ral dissociation rate, Ze. Kgff

ral dissociation rate, K(?ff = %, whereas its reference force re-
mains unchanged compared with the single bond: Fg = f3.
Assuming that the dynamics of multiple bonds alike sin-
gle bonds can be described by a first-order Markov pro-
cess through an overall or global time-dependent dissocia-
tion rate K,g(#), the probability of bond survival P(z) obeys
to the following first-order differential equation in which re-
binding is neglected during the force separation manoeuver

(Kon(2) = 0):

dP ()
PG

Ko (1) dr )

The solution to Eq. (4) takes the following typical form (Evans
and Kinoshita, 2007):

P (1) = exp |:—/ Ko (f (,’)) d;’] o)
0

Derivation of the collective bond rupture forces
As for single bonds (Evans and Kinoshita, 2007), applying a
force ramp, rf = d f /dr =cste, on all bonds enables to quan-
tify the profile of dissociation kinetics with force. The most
likely rupture force F *corresponding to vanishing probabil-
ity density p(f) can thereby be determined: [p(f)lj—p =
[BP( f)] -0

7 P

F* satisfies the condition:

[Kff(f)] _ [3 (In (Ko (1)) 8<ln<m>}
"t f=F* - of of f=F*

(6)

Taking d(In(r¢))/df =~ O (because the loading rate is assumed
to be constant), and using the expression of K (/) given by Eq.
(3), leads to: {Koﬁexp(f/Flg)]f s+ =r¢/Fg . From this equa-
tion, the most probable rupture force of the collective bond
assembly F *can be obtained:

F* ~ Fyln [L} %!
! K nffF B

This equation justifies that the values of the Fg can be ex-
perimentally obtained from the slope of a linear regression (fit-
ted using least square method, correlation coefficient R given in
Table 3) on all points of the graph: F* — In(r¢), whereas the value
of K §; can be obtained from the intercept between this regression
line and, e.g. the vertical axis ([F *}j,,—0 = —Fﬁln(K:ﬁFﬂ)).

KO Fpg appears as a reference scale for the loading rate .
Noteworthy, 7f in Eq. (7) is the effective loading rate applied on
the collective bond structure. Expression giving F*(Eq. (7)) is
similar to the classical rupture force expression given for single

bond f* ~ fgln I:kﬂ L ](Evans and Ritchie, 1997; Evans, 1998)

except that the loadmg rate ¢ is the actual loading rate preceding
the single bond rupture. For parallel bond systems, the effective
loading rate applied on each individual bond composing the
collective bond, is divided by the number of active bonds, r¢/N,
because force is redistributed among all remaining bonds at each
rupture step (Rankl ez /., 2008). The consequence is that the
treatment of loading rate cannot be the same for individual bonds
and multiple bond structures as it should take into account the
proper loading rate preceding the rupture event.

For the parallel bond configuration, the finding of an ana-
lytical expression for K.g(f) (Eq. (3)) as proposed by Isabey
et al. (2013) enables to calculate the global rupture F* by the
following expression:

* re ~ re
KoffFﬂ (W) off I'B
=Nf"—eNfpwithe <land N >2 (8)

Eq. (8) shows that the rupture force of multiple identical
bonds associated in parallel is at first order proportional to the
bond number through the linear N-dependence of Fg = N f3.
F* is also approximately proportional to the logarithm of the
loading rate ¢ and represents less than N times the rupture force
of individual bonds composing the collective bond.

For a fully heterogeneous distribution of force on collective
bonds (zipper configuration), the global rupture force F *can be
obtained from:

*=f/310[

, .e.

fﬂ'éoﬂ/Ni|

F* = fln f/eo + f3IaN = f*+ fzIaN  (9)

Eq. (9) shows that Bthe N-dependence of the rupture force
is weak. More precisely, the global rupture force is only in-
creased by the quantity fgln(N) which varies only weakly with
N. Incidentally, the logarithmic r¢-dependence of the rupture
force predicted by Eq. (9) is similar for zipper and parallel bond
configurations as already shown by Eq. (7). In other words, as
N increases, the reinforcement permitted by the parallel bond
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13



14

Biolog
RCell

configuration is markedly higher than that the one permitted
by the zipper configuration. This adhesion reinforcement can
thereby be evaluated through a characterisation of bond number
and bond configuration by comparing the ln(r¢)-dependence of
rupture forces (i) in a multiple bond system (F*) and (ii) in
the individual bonds f* which properly constitute the multi-
ple bond structure. This comparison can be performed by AFM
throughout a given force spectroscopy curve to the extent that
this curve contains — not one as in standard single bond force
spectroscopy (Taubenberger er a/., 2007) — but several bond
rupture events. This requires that a multiple bond system has
been created between the AFM probe and the cell (Figure 6).
Such a method called MFS is proposed and evaluated in the
present study. AFM experiments are purposely conducted with
a spherical probe of micrometer size (diameter 6.6 um), and a
contact force of 5 nN which generates a cellular indentation up
to 1.5 pum, corresponding to a contact area with the cell surface
of several tens um?. We verified that using a contact time of
2 s between the cell and this RGD-functionalised probe enables
to generate several bonds whose characteristics in terms of bond
number can be evaluated up to complete rupture by the MFS
method presently proposed (Figure 6A).

Estimate of the effective loading rate
Based on Evans and Ritchie (Evans and Ritchie, 1997, 1999), the
loading rate can be estimated from the product of the separation
speed v (constant in AFM experiments) by the effective stiffness
kst
re= ‘Z Zi j’; = karv (10)

To enhance the variations in r¢, three predetermined separa-
tion speeds are imposed: v = 2, 5, 10 pN/s, while the variations
in effective mechanical properties are measured but cannot be
controlled. Estimating the effective stiffness £.¢ is a critical step
because this parameter account for the proper mechanical propet-
ties of the AFM cantilever on one side, and the cellular structure
of the collective integrin-ligand bond (cell cortex, tensed actin
filaments, etc.) on the other side. As in Odorico et al. (2007),
we presently consider that the bond is connected at both ends
to two deformable spring elements: the cantilever system whose
stiffness is £ (= 0.5 N/m), and the cellular extension struc-
ture whose stiffness is k. which contributes to £cthrough:

bef = { L]71. In the present experiments, & >> £

(leadmg to b N 'écell at global cell scale), hencer¢ = £ v. Inci-
dentally, spherical micrometer probes require higher indentation
forces and thus stiffer cantilevers than sharp conical or pyramidal
probes. These mechanical properties play a role in the kinetics
properties of the bond(s) and have to be determined right before
bond rupture both for single bonds and for collective bonds.

In present experiments, the cellular stiffness was determined
at global and local scales:

cant cell

i. At the global cellular scale, from the product of a characteris-
tic cell deformation scale § (deduced from the ratio between
work of adhesion and maximum detachment force) and of
the Young’s modulus whose value is estimated, as explained
below, at small deformation in the initial portion (e.g. one-
third of the indentation distance: <0.5 pum) of the approach
curve using the Hertz model (see Figure 6B). Note that at
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cell scale, this method appears more reliable than a method
based on the measurement of a local derivative of the force—
distance curve. Moreover, it has been shown that, at such low
deformations, indentation and retract curves lead to similar
values of Young’s modulus (Bulychev et al., 1975).

ii. At the local cellular/molecular level by the slope of a straight
line fitted through the final third of the retract force—
displacement curve preceding the point of bond rupture (see
enlargement in Figure 6C) as earlier proposed by several au-
thors (Li et al., 2003; Taubenberger et al., 2007). This slope
provides an estimate of the local cellular/molecular stiffness
right before local rupture, £, (= & f /d x). The local loading
rate is obtained by 7¢(= £jocav), (Eq. (10)), assuming that the
separation speed v is preserved throughout any of the local
cellular extensions.

Determination of contact conditions and Young’s modulus

The probe mounted on AFM cantilever is a bead of microm-
eter size (bead radius: = 3.3 um) which is functionalised by
a synthetic peptide RGD to be recognised by integrins. The
spherical shape of the probe is chosen to avoid any membrane
injury. With a maximum cellular depth of indentation /4 such
that » < 1.5 um (while cell height is around 6 pm), cellular
deformations remain <25% and are systematically <10% (i.e.
b < 0.5 pm) when calculating Young’s Modulus with the Hertz
model (see Figure 6B). With a contact force of 5 nN, the surface
area of the bead—cell contact is ~30 um? (b = 1.5 um) which
generates the formation of a certain number of ‘kinematically in-
dependent’ integrin-RGD bonds that the present approach aims
at estimating.

In the 10% range of cellular deformation and in range of
identical indentation and retraction speeds limited to 2—10 um/s
to guaranty quasi-static conditions and minimal hydrodynamic
friction on the probe, vertical indentation force F is related to
the indentation depth A by the Hertz model which enables to
estimate the effective modulus of the probe—cell system E.¢
(Kuznetsova et al., 2007):

WR L

F=——FEgxh (11)
3
E . is calculated from (Kuznetsova et al., 2007):
1 1 - vz obe 1— UZ
- prob + cell (12)
E Eprobe E e

where E robe, Virobe> E a1, v, are the Young’s modulus and
the Poisson ratios for the probe material and the cell medium
respectively. In practice, the probe is infinitely rigid compared
with the cell, which leads to E ¢ = E A1 — chell)' Taking a
Poisson ratio v, = 0.5 (Radmacher, 2002), Eq. (11) becomes:

F~ IG\F b3

cell (13)

Young’s modulus of cell E. can thereby be obtained from
finding the E.y value providing the best fit of Eq. (13) on
the force-distance curve (see Figure 6B). As mentioned before,
the probe with a spherical shape is supposed to generate lowest
stresses and strains in comparison with the probes with other tip
shapes (Dimitriadis ez #/., 2002). Note that for » < 0.5 pum, the



Cell adhesion by multibond force spectroscopy

substrate contribution can be neglected (Domke and Radmacher,
1998). In order to avoid a too large effect of intracellular spatial
heterogeneities, cellular indentations were made systematically
near the centre of the cell right and right above the nucleus.
Moreover, to minimise the stress or strain-induced cell response
to a cell indentation, force spectroscopy is performed from a
unique indentation manoeuver per cell.

Experimental methods

Cell culture

The study is carried out on A549 cell line (ATCC) having a phe-
notype of human type II AEC. These cells express a wide variety
of receptors and notably the transmembrane receptors of the in-
tegrin type (81, @3, &g, @s and o3) (Massin et al., 2004). When
forming a monolayer, A549 cells adopt a phenotype consistent
with type II AECs in vivo and, importantly do not functionally
differentiate in culture from type I AECs. They have the ability
to form adherent and tight junctions when grown to conflu-
ence, and they offer many advantages for studying in vitro the
pathophysiological response of AEC (Belete et al., 2010).

Several Integrin receptors bind the synthetic peptide contain-
ing the RGD sequence presents in many ECM components. The
peptide RGD is classically used for integrin-specific cell-binding
as done in the present study and in many previous studies (Féréol
et al., 2008).

Cells were cultured in T25 flasks in DMEM-Glutamax High
glucose medium (Gibco Life Technologies) supplemented with
10% foetal bovine serum (Sigma—Aldrich) under standard phys-
iological conditions (37°C, 5% C0O,-95% air atmosphere, max-
imal humidity). Routine subcultures were made after 3—4 days
once the confluence state, where cells cover more than 90%
the surface, is reached. For sub-culturing in T25 flasks, a split
ratio of 1/10 was used. For experiments, about 7 x 10° cells
were extracted from the suspension and plated on petri-dish
(TPP ¢34 mm) coated with human fibronectin at a density
of 10 ng/mm?. The culture reached confluence in 24 h. Be-
fore experiments, cells were incubated for 30 min in serum free
medium, CO,-independent, supplemented with 0.5% BSA in
order to block the non-specific binding (Planus et al., 1999).

AFM set-up

Force spectroscopy was conducted using commercial NanoWiz-
ard 1 AFM (JPK Instruments). The AFM is settled on the Ax-
ioObserver Z1 inversed microscope (Zeiss) which is placed on
stabilisation table TL-150 (Table stable Ltd.). The microscope is
equipped with a Zeiss EC-Plan-NEOFLUAR 20 X lens. Long-
range force spectroscopy is made possible by the use of supple-
mentary CellHesion module (JPK Instruments) comprising an
electronic controller and a piezo-driven stage allowing a verti-
cal displacement up to 100 um. Measurements were carried out
with a 6.6 um-diameter spherical probe SquBe CP-CONT-SiO-
C (Nanoandmore) mounted on a cantilever whose stiffness was
around 0.5 N/m. The benefit of using such a micrometer spher-
ical probe is that local strains, which may far exceed the linear
regime, are minimised (Dimitriadis et al., 2002).

Probe preparation
AFM cantilever was washed with triton 0.5% for about 20 min
then thoroughly rinsed with sterile water. Then, the probe was

soaked in ethanol for 5 min and rinsed again in sterile wa-
ter. Probe was left dry in biological safety cabinet. After that,
probe underwent a plasma treatment (Harrick Plasma Cleaner-
PDC-002-HPCE) in order not only to remove micro-organic
contamination on probe surface, but also to make the surface
hydrophilic and thus permeable to coating treatment. This pre-
liminary plasma treatment is crucial because it enables the effec-
tive contact between the probe surface and the coating solution.
In the absence of such treatment, we noticed that micrometric
air bubbles prevent effective coating. The probe was sterilised
under UV exposure for 25 min. Finally, the probe was dipped in
2.5 mg/ml RGD solution and stored at 4°C for 1 night. Before
being mounted on the cantilever holder, the probe was thor-
oughly rinsed with PBS in order to eliminate unbound RGD
peptides. The advantages of using cyclic RGD peptide instead
of proteins are multiple: peptide generates no immune response,
no infection risk, better stability, more simple orientation and
single adhesion motif (Hersel et al., 2003).

Although the cantilever has a known nominative stiffness, it
requires systematic calibration of its effective stiffness by the
thermal noise oscillator method (Butt and Jaschke, 1995). Ac-
cording to the constructor, the recommended and presently used
cantilever calibration procedure leads to an error smaller than
20%. This step was petformed with a functionality fully inte-
grated in the JPK interface. In our case, the cantilevers stiffness
is around 0.5 N/m.

AFM measurements

First, a batch of cells is located out of the cell culture. In gen-
eral, these cells must show the characteristic shape of adherent
epithelium without any blebs, or damage. Cells, in ball shape or
cells partly detached from the culture are not chosen. Second, by
using ‘Direct overlay’ feature, a virtual coordination of respec-
tive optical image is created and stored in the AFM control unit
memory so that the measurement points (cells) can be selected
with precision. Measurements are performed on the cell mem-
brane above the relatively flat nuclear region, 7.e. where the cell
thickness is always the highest and the contact geometry rather
well defined. Once a batch is fully explored, the stage is moved
towards another batch.

For each condition, about 40—60 cells were selected. Practi-
cally, instead of performing several measurements on each cell,
our strategy was to get a unique force curve per cell. The advan-
tages are many. First, we minimise the cell adaptation response to
stress and notably cyclic adenosine monophosphate (cAMP) ac-
tivation induced by the mechanical stimulation (Meyer et al.,
2000; Tamada et al., 2004). Secondly, we favour intercellu-
lar variability instead of intracellular variability. Because AFM
method enables to impose an unidirectional cell extension force
from the beginning to the end of the stretching manoeuver, no
change in bond configuration is likely is to occur in the course
of separation.

A typical measurement cycle comprises 3 phases (see Fig-
ure 6A): (i) Approach: the piezo moves the stage upwards so that
the cell is brought into contact and the probe deforms the cy-
toplasm until a point of maximum effort is reached, i.e. contact
force = 5 nN, thereby providing an approach force curve; (ii)
Contact: the stage is immobilised (constant height) during a pre-
determined contact time (set at 2 s). The force remains almost
constant to enable adhesion in its early phase. These contact
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conditions were chosen after preliminary experiments aiming
at finding the best compromise between a sufficient number of
rupture events and complete bond rupture during the retraction
period; (iii) Retraction: at the end of the contact time, the piezo
moves the stage downwards at the same constant speed, the probe
is progressively separated from the cell and the bonds created
at the extremity of cellular extensions break randomly thereby
generating sudden changes in force throughout the retraction
force-curve. The cantilever speed is kept constant at three pre-
determined values: v = 2, 5 and 10 um/s. This speed range
is purposely limited in order to minimise the duration of force
spectroscopy (maximum half a minute per cell) and thus to avoid
cell morphological changes. Closed-loop system is activated in
order to precisely control the z-movement. The z-movement of
35 pwm from contact point leads to the total separation of the
probe from cells in most of presently studied cases. The sampling
rate is set at 1 kHz allowing to capture rapid change in signal.

Data processing

Force curves analysis was performed with JPK data processing.
We first created a procedure comprising a series of functions
supplied by the software toolbox. These functions are: (i) curve
smoothing to eliminate high frequency noise; (ii) force curve
baseline correction for both the offset and tilt of the linear part
on the right of force curve (far from the surface); (iii) contact
point determination; (iv) calculation of the real tip-sample dis-
tance by correcting the bending of the cantilever; (v) lowest
point determination on the retraction curve corresponding to
the detachment force; (vi) calculation of area located between
the retraction curve and x-axis corresponding to the work of
adhesion; (vii) calculation of Young’s modulus by curve fitting
of the linear portion on the approach curve to determine the
contact point and fitting one-third of indentation curve by the
Hertz model. Batch processing is then enabled by applying the
registered procedure to the whole force curves. During the pro-
cessing, each curve is monitored. All curves showing abnormal
shapes, such as wavy shape in the far-from-surface part or contact
force higher than the preset value (5 nN), are excluded from the
analysis. Only curves processed from the batch processing are
further individually analysed to quantify the rupture forces. Due
to the moderate range of approach and separation speeds used in
this study (v = 2, 5, 10 pm/s), the hydrodrag is negligible for
speeds of 2 and 5 pum/s and, is smaller than 10 pN for the speed
of 10 um/s, leading to an error less than 10% in measuring
rupture forces which has presently been neglected.

The overall cellular adhesion between the cell and the probe
is characterised by the maximal detachment force noted F* and
the work of adhesion noted W,4;,. The probe size is such that the
cell-probe contact area represents a typical cell-matrix adhesion
site, e.g. focal adhesion site, with a certain number of integrins
engaged. Hence F* and W4, are able to characterise to the
collective response of multiple integrin bonds created between
the cell and the bead surface. These parameters are obtained
directly from the retraction curve (see Figure 6C): the maximal
detachment force noted F *corresponds to the highest negative
values on each force—distance curve, ze the maximal attractive
force that the multiple bond system created can sustain. The
work of adhesion W), is a convolution of cell mechanics and
cell adhesion energies needed to reach complete separation of the
probe from the cell. This quantity corresponds to the integrated
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surface area delimited by the abscissa and retraction curve (see
Figure 6C).

Local bond rupture events are also identified by analysing lo-
cally the transient increases in the retraction force—curve (Figure
6C). On these curves, we observe two typical rupture events:
some local rupture events are preceded by a segment with con-
stant negative slope, whereas some others (i.e. classically re-
ferred as tethers formed by plasma membrane) are preceded by a
plateau. The first type of events originate from the cytoskeleton
mechanical properties, e.g. the compliant properties of actin fila-
ments (Friedrichs et al., 2013). So, measuring the negative slope
provides an estimate of the actual mechanical system behind each
bond, knowing that the bond response to mechanical loading,
e.g. the rupture force, depends on these mechanical conditions
through the loading rate. Since the present study deals with
collective bond rupture whose theory has been described in the
first paragraph of this chapter, it is worth doing the statistics of
rupture forces with these local loading rate conditions. However,
no force loading (increase in force) occurred for rupture events
preceded by a force plateau. These events were interpreted as
membrane tether extrusions from a large cell membrane reser-
voir (Evans and Calderwood, 2007). Because the force rupture
analysis in this study required constant-rate, nonzero bond load-
ing before rupture, values of rupture events preceded by a force
plateau were excluded as done in Taubenberger et al. (2007).
The information extracted from the local bond rupture events
can then be compared with the one coming from more global
rupture events, assessed through maximal detachment force and
the work of adhesion. Note however that W,q, integrates the
above mentioned different types of rupture events.

To characterise the relationships between F* (respectively
f7) and the global (respectively the local) loading rates » £
two methods of data analysis are used: (i) a linear regression
performed on all data points, each point representing a couple of
measured values: force and loading rate, (ii) a linear regression
petformed on the three mean values obtained after averaging
data points obtained at each one of the three separation speeds
tested (v = 2, 5 and 10 wm/s). This first method is based on
the law of large numbers which states that because of large
number of data points, the found relationship is close to the
expected relationship predicted by the probability theory for
single or multiple bond rupture. The second method is close to
the classical approach (Eq. (7)) in which the most probable value
(corresponding to the peak of probability density distribution)
is dependent on the logarithm of the loading rate.

Statistical tests

All tests were performed using statistical software package Sta-
tistica v7.1 (StatSoft). We used non-parametric Kruskal-Wallis
test for the comparison of the mean values and KS test for normal-
ity. A p value < 0.05 was considered significant and p < 0.001
was highly significant.
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