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A physi
al model for studying adhesion betweena living 
ell and a spheri
al fun
tionalisedsubstrateE. Canetta, A. Leyrat and C. Verdier∗September 18, 2008Laboratoire de Rhéologie1, B.P. 53Domaine Universitaire, 38041 Grenoble 
edex 9, Fran
eAbstra
tA new mi
roadhesion experiment is analysed in the framework of asto
hasti
 model. Parti
ular attention is fo
used on the adhesion betweena fun
tionalised spheri
al mi
rosphere and a 
ell grown on a substrate.The parameters governing the dynami
s of failure are dedu
ed from thetheory and the geometry of the system.Keywords : Adhesion, Binding kineti
s, Rupture for
e, Multiplebonds.1 INTRODUCTIONCellular adhesion is present in many aspe
ts of 
ells life. Indeed, it is involvedin a number of biologi
al phenomena, su
h as the embryologi
al development,the immune response and metastasis (development of se
ondary tumors) [1℄.One of the aims of biophysi
al studies dealing with 
ellular adhesion, isto investigate the for
es between bonds (i.e., re
eptor-ligand) [2, 3℄. Indeed,adhesion is not only 
ontrolled by the nature and intensity of for
es, as well asby the kineti
s of formation and disso
iation of bonds, but also by the abilityof proteins to move along the 
ell membrane to form 
lusters or fo
al adhesionpoints. This knowledge should allow one to understand the me
hanisms involvedin 
ellular adhesion during pro
esses of interest in the medi
al �eld, like in 
an
ermetastasis (rolling, adhesion, spreading and transmigration). This should alsohelp to identify targets for new therapies.
∗
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In this work, a new mi
roadhesion experiment is proposed, 
oupled withmi
ros
opi
 te
hniques, in order to understand the adhesion between a 
ell anda spheri
al substrate (fun
tionalised mi
rosphere). In this 
ontext, a theoreti
alanalysis is presented in the framework of the Evans and Rit
hie's model of bondstrength [4℄.In se
tion 2, the main intera
tions playing a fundamental role in 
ell-
elland 
ell-substrate adhesion are des
ribed. Se
tion 3 is devoted to a des
riptionof the mi
roadhesion experiment. In se
tion 4, the Evans and Rit
hie' modelis illustrated. In se
tion 5, the main results of the relationships between theo-reti
al and experimental parameters in the 
ell-mi
rosphere geometry 
ase arepresented. Finally, Se
tion 6 deals with the relationships between theoreti
aland experimental parameters in the 
ell-mi
rosphere geometry 
ase.2 CELLULAR ADHESIONCell-
ell and 
ell-substrate adhesion may be interpreted as a dynami
 pro
essmediated by spe
i�
 weak2 non-
ovalent intera
tions between 
omplementaryadhesion mole
ules (re
eptors and ligands) [2, 3℄.Spe
i�
 intera
tions are determined by the lo
al geometry of re
eptors andligands an
hored either to the membranes of two 
ells (
ell-
ell adhesion), orto the 
ell membrane and the substrate (
ell-substrate adhesion). These short-range (∼ 1− 2nm) for
es are the so-
alled "lo
k-and-key" intera
tions, be
ausethey arise when the ligand (key) �ts into its 
omplementary re
eptor (lo
k),thus 
reating a "binding po
ket".The intera
tion between a re
eptor and its ligand is also in�uen
ed by non-spe
i�
 for
es operating outside the binding po
ket between the ligand surfa
eand the 
ell membrane. Examples of su
h intera
tions are the ele
trostati
double-layer for
e, the van der Waals for
e and the steri
 repulsion. The super-position of the nonspe
i�
 for
es and the spe
i�
 intera
tions governs 
ellularadhesion by modifying the binding kineti
s and the distribution of re
eptor-ligand bonds at equilibrium [3℄. The analysis of the net intera
tion energypro�le as a fun
tion of the separation distan
e between adhesion mole
ules, al-lows both to identify the di�erent intera
tions governing the binding behaviourand to study the disso
iation rates of re
eptor-ligand bonds.3 EXPERIMENTAL METHODSIn order to investigate the adhesion dynami
s of a 
ell-substrate system, weare developing a mi
roadhesion experiment. We will use 
ells (for exampleendothelial 
ells), grown on a substrate, and study their intera
tions with ami
rosphere 
oated with adhesion proteins or 
omponents of the extra
ellularmatrix (ECM), like 
ollagen, �brone
tin, laminin, et
.2Biologi
al adhesion is governed by weak intera
tions, be
ause they allow dynami
al pro-
esses (e.g., 
ell motility) whi
h are at the basis of life.2



Figure 1: Experimental setup of the dynami
 separation test.The mi
roadhesion test is performed on an inverted mi
ros
ope equippedwith Re�e
tion Interferen
e Contrast Mi
ros
opy [5℄ (for pre
ise measurementsof the system geometry) and with a home-built for
e spe
trometer (based onAFM te
hnology [6℄, Fig.1) whi
h allows to measure intera
tion for
es betweenthe mi
rosphere and the 
ells. Two 
omplementary experiments are performedwith this system : The JKR [7℄ test and the dynami
 separation test.3.1 JKR testThis test is based upon 
ell indentation by the mi
rosphere, whi
h is initiallyin 
onta
t with the 
ell (Fig.2). The purpose of the JKR method is to measurethe for
e f , exerted by the mi
rosphere of radius R onto the 
ell, and the radius
acm of the 
onta
t zone (
f. 3.3) in order to determine the 
urve acm (f), fromwhi
h the lo
al adhesion energy γ and elasti
 
omponent K of the 
ell 
an bederived, using the following relation:

a3
cm =

R

K

(

f + 3πRγ +

√

6πRγf + (3πRγ)
2

)

, (1)where K is given by,
K =

4E

3 (1 − ν2)
, (2)In Eq.(2), ν is the Poisson ratio and E is the lo
al Young modulus of the
ell, whi
h is 
onsidered to be purely elasti
 at this s
ale.3



Figure 2: Sket
h of the JKR te
hnique for intera
tion between a 
ell and afun
tionalised mi
rosphere. The 
onta
t diameter 2a is a fun
tion of the mi
ro-sphere radius R, the surfa
e energy γ and the lo
al elasti
 
omponent of the 
ell
K (Eq.(1)). δ is the indentation and f is the applied for
e.3.2 Dynami
 separation testIn this test, the mi
rosphere is pulled verti
ally at a given velo
ity, while re
ord-ing the for
e signal. This 
orresponds to measuring the 
omplex deformation ofthe 
ell (for
e rise) until bonds start to break (de
rease in for
e) as they wouldin a mi
ropeel test. Knowing the elasti
 
onstant of the 
antilever kf , its de�e
-tion allows to determine the for
e f (t) exerted by the mi
rosphere on the 
ell,whi
h is a fun
tion of the observation time t. By means of a 
areful analysis ofthis for
e signal (Se
.5), the bond strength f∗ may be dedu
ed, as well as thelifetime ∆t of the area of bonding.3.3 Materials and methodsMi
ros
opi
 observations: In order to lo
alise and visualise the 
ells, thisapparatus is mounted on the Zeiss Axiovert 200 inverted mi
ros
ope, equippedwith a Neo�uar 63/1.25 Anti�ex obje
tive, whi
h allows to perform RICM (Re-�e
tion Interferen
e Contrast Mi
ros
opy) and �uores
en
e observations. RICMis a mi
ros
opi
 te
hnique used to measure the radius and the angle of the 
on-ta
t zone between the 
ell and the substrate (Fig.3a). It 
an also be employedto determine the geometry of the 
ell-mi
rosphere interfa
e (Fig.3b), in orderto �nd the peeling velo
ity vp of the 
onta
t area of the 
ell-mi
rosphere system(Se
.6). In Fig.3a (3b), the RICM prin
iple is illustrated for the 
ell-substrate(mi
rosphere) 
ase. The in
ident beam I0 is partly re�e
ted by the substrate(
ell)-medium interfa
e (beam I1). The transmitted part is re�e
ted by the 
ell(mi
rosphere) with an intensity I2. The RICM image is formed by the interfer-en
e of the beams (I1 and I2) when imaged in the mi
ros
ope obje
tive. Theanalysis of this image allows to obtain the radius acc (acm) and the angle θcc4



Figure 3: The basi
 prin
iple of RICM. (a) Cell-substrate 
ase: The 
ell isobserved under epi-illumination using mono
hromati
 light, I0 (λ = 546.1nm).Interferen
e fringes arise from the di�eren
e in the opti
al path of light re�e
tedfrom the substrate-medium interfa
e I1 and from the 
ell-medium interfa
e I2.
s is the verti
al separation between the 
ell and substrate (s = 0 → 
onta
t).
θ0 is the in
ident angle and θ1 is the angle of refra
tion in the medium (Snell'slaw). (b) Same as (a) but in the 
ell-mi
rosphere 
ase.(θcm) of the 
ell-substrate (mi
rosphere) 
onta
t zone (Fig.4) [5℄. Fluores
en
eobservations will be helpful in order to lo
alize and to identify �uores
ently la-belled adhesion mole
ules.For
e measurements: The for
e measurements are performed using a fun
-tionalised mi
rosphere whi
h is glued onto a soft AFM 
antilever (Vee
o Instru-ments, Fran
e), with nominal spring 
onstant kf = 0.06N/m. The mi
rosphereis positioned relatively to the 
ell by means of a verti
al piezo translator with a
apa
itive position sensor (Triopti
s, Fran
e). When the 
ell exerts a for
e onthe mi
rosphere (for instan
e, when the mi
rosphere is retra
ted from the 
ell inthe dynami
 separation test), the AFM 
antilever undergoes a de�e
tion whi
his measured by means of a laser spot re�e
ted o� the ba
k of the 
antilever ontoa two-segment photodiode (Optoprim, Fran
e). To sum up, the 
ombinationof these te
hniques allows to obtain nine parameters: The radius acc (acm),the angle θcc (θcm) of the 
ell-substrate (mi
rosphere) 
onta
t area, the bondstrength f∗, the lifetime ∆t of the area of bonding, the peeling velo
ity vp, thelo
al adhesion energy γ and elasti
 
omponent K of the 
ell.5



Figure 4: (a) The radius acc and the angle θcc of the 
ell-substrate 
onta
t zone,measured by means of the RICM te
hnique. (b) The 
onta
t radius acm andthe 
onta
t angle θcm in the 
ell-mi
rosphere 
ase.4 THE MODEL OF EVANS AND RITCHIEWe have analysed the experimental parameters des
ribed in Se
.3, in theframework of the sto
hasti
 model of indu
ed bond failure developed by Evansand Rit
hie [4℄. They model a re
eptor-ligand bond as 
on�nement by a singlea
tivation energy Eb of the energy lands
ape E (x). The appli
ation of a for
e
f produ
es a me
hani
al potential, thus tilting the energy lands
ape E (x) andlowering the a
tivation energy Eb (Fig.5). By using the Kramer's rate theory[8℄, Evans and Rit
hie obtained an expression for the kineti
 rate Kr (f) of thedisso
iation of a single bond3, whi
h depends exponentially on the applied for
e
f [4℄:

Kr (f) ≈

(

1

tOFF

)

· g

(

f

fβ

)

· exp

(

f

fβ

)

. (3)In Eq.(3), g
(

f

fβ

) 4 is a weak for
e-dependent fa
tor taking into a

ount thedispla
ement and the 
hange of barrier width 
aused by an applied for
e. fβ isthe 
hara
teristi
 for
e s
ale given by the ratio of thermal energy kBT to thedistan
e xβ of the a
tivation barrier along the dire
tion of for
e (fβ = kBT
xβ

).Finally, 1
tOF F

is the spontaneous (zero-for
e) rate of disso
iation depending onthe energy barrier Eb [4℄,
1

tOFF

=
1

tD
· exp

(

−

Eb

kBT

)

, (4)3The energy lands
ape of a single bond is 
onstituted by a single a
tivation barrier.4For single bonding potentials, g

(

f

fβ

)

∼

(

f

fβ

)a, where 1

2
< a < 1. In parti
ular, a ≈

1

2for inverse power law attra
tion and a ≈ 1 for deep harmoni
 well [4℄.6



Figure 5: A 
as
ade of barriers under for
e where an inner barrier emerges todominate kineti
s when the outer barrier falls below by ∼ kBT . xtsi (i = 1, 2)represents the transitions states to the unbound state (graph replotted fromRef.[12℄).where tD is a 
hara
teristi
 time 
onstant for di�usive es
ape. A

ordingto the Evans and Rit
hie model, bond disso
iation is treated as a �rst-orderMarkov pro
ess with in
reasing rate of disso
iation driven by the rising for
e.The result is a statisti
al distribution of for
es of rupture whose maximumde�nes the single-bond strength f∗ whi
h in
reases with the load applied to abond. In parti
ular, f∗ is related to the loading rate (for
e/time) rf , by meansof the following expression [9℄:
1

rf

=
tOFF

fβ

· exp

(

−

f∗

fβ

)

. (5)In the 
ase of a 
omplex bond5, where one has a hierar
hy of a
tivationbarriers, the spe
trum of bond strength will be 
onstituted by a sequen
e oflinear regimes with as
ending slopes fβ [10℄. Ea
h n-th a
tivation barrier inthe hierar
hy is des
ribed by a spontaneous rate of disso
iation 1
tOF F

and afor
e s
ale fβ (n) = kBT
xβ(n) . The fa
t that the slope fβ (n) in
reases from onelinear regime to the next, means that a
tivation barriers emerge in su

essionfrom outer to inner positions, along the dire
tion of applied for
e, to dominatekineti
s. The determination of bond strength f∗ be
omes most 
ompli
atedwhen N single (or 
omplex) bonds o

ur. Three di�erent me
hani
al s
enariosfor these multiple bonds 
an be 
onsidered: Series, zipper [10, 11℄ and parallel[10℄. When N bonds are in series, ea
h of them fully experien
es the appliedfor
e, but 
an break either 
ooperatively or un
ooperatively. In the �rst 
ase,5Unlike a single bond, where one only needs to traverse an a
tivation barrier to break it,the rupture of a 
omplex bond involves the 
rossing of a 
as
ade of a
tivation barriers.7



the bonds behave as a ma
ro-single bond whose barrier energy is given by thesum of barrier energies of ea
h bond. On the 
ontrary, when the N bonds fail inan un
ooperative way, ea
h of them experien
es the same for
e history and whenany bond breaks, the atta
hement as a whole fails. In the zipper model [10, 11℄,the N bonds fail in sequen
e in a random way from �rst to last. This means thaton
e a bond fails, for
e propagates to the next one, and so on. Finally, in the
ase of bonds in parallel, the applied for
e is partitioned among re
eptor-ligandbonds whi
h form the adhesion between the 
ell and the substrate (or another
ell). In parti
ular, when identi
al bonds are loaded in parallel, the appliedfor
e f is shared equally by ea
h bond.5 RELATIONSHIP BETWEEN THE ADHESIONFORCE AND THE SEPARATION VELOC-ITYIn the analysis of the physi
al parameters obtained from the experiment, wefo
us our attention on the relationship between the most frequent rupture for
e
f∗ and the separation velo
ity vs of the mi
rosphere. We study the 
ase ofthe o

urren
e of N re
eptor-ligand bonds, assuming the N bonds in parallel,whi
h seems more realisti
 [10℄. We suppose that the 
ell and the fun
tionalisedmi
rosphere adhere to ea
h other by means of N weak identi
al bonds held byrigid linkages. This hypothesis simpli�es the 
omputation, be
ause it does not
onsider any �exible polymer 
hain [12℄. We also assume that the N bonds areloaded in parallel and that ea
h of them is a single bond (one a
tivation barrierin the energy lands
ape). As stated in the previous se
tion, N identi
al bondsloaded in parallel experien
e the same quantity of the applied for
e f . Withthis rule in mind, and starting from the probability density for bond rupture[13℄, we obtaine the following general expression for the most frequent rupturefor
e f∗

f∗
≈ Nfβ · ln





tOFF · rf
(

f∗

Nfβ

)a

·

(

f∗

a

)



 . (6)As expe
ted [10℄, the expression (6) is a trans
endental equation where tOFFis the time needed to deta
h the 
ell from the mi
rosphere when no externalfor
e is applied (Eq.(2)), rf is the loading rate, a is a 
onstant ranging from 1
2to 1 a

ording to the bonding potential 
onsidered (see footnote 5 on page 4),and fβ is the thermal for
e s
ale. By analysing the relationship between thespontaneous rate 1

tOF F
and the kineti
 rate Kr

(

f
N

) of disso
iation of a singlebond (Eq.(3)), from Eq.(6) we 
an get the disso
iation rate as a fun
tion of themost frequent rupture for
e f∗ (when f∗ << Nfβ):
Kr

(

f∗

N

)

≈ a · rf ·

(

1

f∗
+

1

Nfβ

)

· exp

(

−

f∗

Nfβ

)

. (7)8



The separation velo
ity vs, of the fun
tionalised mi
rosphere from the 
ell,
an be 
al
ulated by [13℄,
vs = ∆Z · Kr

(

f∗

N

)

. (8)In Eq.(8), Z = ξ−
(

f∗

kf

) is the time dependent rea
tion 
oordinate des
ribingthe rupture pro
ess of the 
ell-mi
rosphere system. ξ is the 
antilever displa
e-ment and f∗

kf
is the ratio of most probable rupture for
e f∗ to the spring 
onstant

kf of the AFM 
antilever to whi
h the mi
rosphere is atta
hed (Fig.1). f∗

kf
is thede�e
tion undergone by the 
antilever when the mi
rosphere is retra
ted fromthe 
ell. ∆Z is the di�eren
e between two su
h 
oordinates evaluated at thetime of deta
hment and the beginning of peeling, respe
tively. By substitutingEq.(7) in Eq.(8), it is immediate to obtain the rupture for
e f∗ as a fun
tion ofthe separation velo
ity vs:

f∗
≈ N · fβ · ln

[

a · ∆Z · rf

vsNfβ

·

(

Nfβ

f∗
+ 1

)]

. (9)Eq.(9) shows that the most probable rupture for
e f∗ in
reases linearly withthe logarithm of the pulling velo
ity vs, as expe
ted [10℄. In parti
ular, Eq.(9)allows us to obtain a thermal s
ale for for
e Nfβ and hen
e to map the en-ergy barrier to a distan
e xβ , along the dire
tion of for
e, to the ground state(i.e., xβ = kBT
Nfβ

). This mapping provides us informations about the lo
ation oftransition states to the unbound state [10℄.6 APPLICATION TO THE CELL-MICROSPHEREZONEIn order to improve the theoreti
al knowledge of the 
ell-mi
rosphere intera
-tions, we study the 
onta
t zone between the 
ell and the mi
rosphere. Thiswill allow to analyse the experimental parameters from the dynami
 separationte
hnique (see Se
.3). In parti
ular, the relationship existing between the peel-ing velo
ity vp of the 
onta
t area and the adhesion for
e f∗ will be derived.Simpli�ed results about the relationship between the peeling velo
ity vp and thespeed of separation vs will be also obtained.In Fig.6, the geometry of the 
ell-mi
rosphere 
onta
t zone at two subsequenttimes t and t′ is shown. A lo
al approa
h is used, where only the importantpart of the 
ell is 
onsidered. At time t, the mi
rosphere has just been made toadhere to the 
ell and after a time interval ∆t = t′ − t, it has moved up by adistan
e h = S′
−S, where S and S′ are the distan
es between the mi
rosphereand the substrate at the time t and t′, respe
tively (Fig.6). From a geometri
al9



Figure 6: Sket
h of the lo
al geometry of the 
onta
t area between the 
elland the mi
rosphere of radius R, at two subsequent times, t and t′, when themi
rosphere is pulled away from the 
ell with an applied for
e f .point of view, the peeling velo
ity vp is the time derivative of the 
onta
t ar
between the 
ell and the mi
rosphere, and 
an be written as:
vp = vs

2πRA2

π
(

a′

cm

[

2R2
− A2

− 3 (a′

cm)
2
]

− ρd′ [acc + 2a′

cm]
)

+ 4R3
. (10)In Eq.(10), A2 = a2

cc + acc · a
′

cm +
(

a
′

cm

)2 where acc and a
′

cm are the radii ofthe 
ell-substrate 
onta
t zone at time t and the 
ell-mi
rosphere 
ontant zoneat time t′ (Fig.6), respe
tively. ρ =

√

R2
− (a′

cm)
2, with R the radius of themi
rosphere, and d′ is de�ned in Fig.6. This result shows that when a

′

cm is quitesmall (presumably at the end of peel), then vp will be positive only if h′ < 4R2

πacc
.This result is to be 
ompared with a similar one obtained by Shanahan [14℄,dealing with adhesion of a pun
h to a thin membrane, when assuming a weaksurfa
e energy. In su
h 
ases, peeling is not possible due to the geometry. Tosummarize, Eq.(10) gives the �nal relationship allowing to predi
t the peelingvelo
ity in order to get f∗ (vp) 
urves.7 CONCLUSIONSThe parameters obtained from a new mi
roadhesion experiment have been anal-ysed both in the framework of a sto
hasti
 model, and also experimentally. Byusing the Evans and Rit
hie's model of bond strength [4℄, we found a simplerelationship between the most probable rupture for
e f∗ and the separation10



velo
ity vs of the 
onta
t zone between a 
ell and a mi
rosphere, in the 
aseof N identi
al bonds in parallel, held by rigid linkages. As expe
ted [10℄, theadhesion for
e f∗ depends linearly on the logarithm of the separation velo
ity,and the slope provides us information about the lo
ation of transition statesto the unbound state. Finally, the mi
roadhesion test is shown to be able toprovide all the parameters required in the model.AKNOWLEDGEMENTSThis work was supported by the RTN proje
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