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Elastic deformations of grafted layers with surface stress

A. Nicolas and S. A. Safran
Department of Materials and Interfaces, Weizmann Institute of Science, Rehovot 76100, Israel
(Received 13 October 2003; published 6 May 2004

We calculate the elastic response of thin films grafted to a solid substrate whose upper surface is subject to
a stress. This issue is addressed in the context of biological cell adhesion where adhesive junctions consist of
a thin layer of proteins grafted to the extracellular matrix and sheared by the cell contractility apparatus. We
show that the finite thickness of the layer limits stress-induced deformations to short ranges proportional to the
thickness of the film. In addition, we show that the attachment boundary condition creates an effective shear
response to surface stresses that couples all the directions, even for fluidlike layers. We predict that perturba-
tions with wavelengths of order of the film thickness induce resonancelike responses for isotropic rubberlike
materials or anisotropic media with high shear moduli. We use these results to predict the elastic deformations
of a layer of proteins under shear stress and propose that the resulting, polarized elastic response to local
surface forces can explain the observed, anisotropic growth of cell-substrate junctions when subject to external
stresses.
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I. INTRODUCTION ticity and its applications to grafted layers. Elastic deforma-

The transmission of stress in cells attached to a surface f£0ns in bulk media give rise to long-range interactigda]:
of crucial importance for the understanding of biological cell® 10c@! stress applied to mfinite two-dimensional plate
adhesion on either a substrate or in a three-dimensional m&2uses & deformation that depends logarithmically on the dis-
trix. Cell-matrix or cell-substrate adhesiogaso called focal t@nce from the stress. However, this long-range response is
contacts are clusters of proteins that are able to dynamicallyStrondly influenced by the boundary conditidds]. For ex-
adjust both their size and shape to the applied stesg  2mPle, the range of deformation is limited to the film thick-
(see Fig. 1 While the adhesive force is normal to the sub-N€SS in finite, elastlg:_medlum; the details depend on the vari-
strate, the large-scale structure of focal contacts are strongRMS boundary conditions on both surfaces. Here, we consider
influenced by lateral shear forces that occur in cells due t& film that is composed of molecules tethered to the surface
the action of the elastic cytoskeleton on the protein clusters2S @ model of cell-substrate adhesions. We predict how elas-
These lateral forces induce an anisotropic aggregation of adic deformations are modified for such grafted layers whose
ditional proteins and cause the aggregate to expand at tifep surface is submitted to a stress and that several effects
front edge of the stressed region; this effect is independent gfrise as a result of the grafting boundary condition. The first
the origin of the force(contractility of the cytoskeleton effect is the creation of a boundary condition-induced, effec-
within the cell, external forces such as shear flp4}, or  tive, shear response to surface forces that exists even for
externally applied local force]). The ability of the adhe- liquidlike layers such as amphiphilic or lipid monolayers. A
sive junctions to respond to such forces allows the cell tasecond major effect arises from the finite thickness of the
adapt its shape and function to the physical properties of thgyer. Contrary to a semi-infinite elastic medium, the elastic
substrate[6]; for example, this effect is responsible for the interactions are now short range with the range of the inter-
migration of the cell to the most rigid regions of the substrateaction of the order of the thickness. We predict that rubber-
[7-9]. Although the biochemistry of focal contacts is begin- jike materials or anisotropic media with strong shear moduli
ning to be understoofll0], the link between the mechanical .4, respond in a “resonancelike” manner to perturbations at
perturbation and the anisotropic biochemical response of theat4in wavelength determined by the film thickness and the
contacts that causes the junctions to grow in the direction of,«+ic properties of the material. Finally, we show that a

th_e force is still a mystery. Here, we propose that the COUTGcalized surface force results in an anisotropic, in-plane re-
pling of the mechanical and biochemical response has its

origin in the elastic deformations of the layer of proteins that =70, X

comprise the focal contact. When this layer is submitted to

an internal or external directional stress, there is a resulting, contractility apparatus

anisotropic density change in the surrounding region that (actin cytoskeleton)

strongly affects the further aggregation of proteins to the )

focal contacts. We suggest that the physics presented here plaque of adaptor proteins
. . . (vinculin, paxillin, etc)

may explain the observed anisotropic growth of cell-

substrate junctions that are subject to external stresses. The | membrane

detailed consequences of this elastic response for cell adhe- anchor proteins (integrins)

sion will be discussed elsewhef#l]. extracellular matrix

The elastic response of thin films to surface stresses has
important implications in the context of the theory of elas- FIG. 1. Schematic representation of a focal contact.

1539-3755/2004/68)/0519027)/$22.50 69 051902-1 ©2004 The American Physical Society



A. NICOLAS AND S. A. SAFRAN PHYSICAL REVIEW EG69, 051902(2004)

sponse of the film, the anisotropy being similar to that of a
semi-infinite elastic medium. Systems with certain elastic €=fdx dy dz{
properties, such as a strong mechanical stiffness of the
rafted molecules, can lead to a directional perturbation that 5 5
% determined by the symmetry of the force. Such a direc- + Mol U+ uyy)uzz+ ZAXZXZ(UXZJr UYZ) ' (1)
tional response may explain why adsorbed proteins layers . . o .
involved in cell-substrate adhesions grow in an anisotropiJhe ela_stlc moduli include qontrlbqtlons from both energetic
manner when subject to surface shear forces. Proteins oufiteractions and entropy; in particular, the constapy,,
side the region where the force applies are stressed diffeffises from the mechanical stiffness of the cHaidl. These
ently depending on their position relative to the stressed recoefficients differ from the elastic properues_of the bu_Ik be-
gion: the local density is increased at the front edge whil&@use the entropy qf stretched chams at an interface is lower
decreased at the rear. This variation of the local density ma{jan that of chains in the bulk soluti¢f5]. The system has
be a possible trigger for initiating localized biochemical re-tWwo shear modul,,,,andA,,,that have opposite responses
actions that affect the propensity of proteins to aggregate 4 €xternal stresses. The shear modulys,accounts for the
the front or the back with different probabilities. This effect €nergy associated with the deformation due to the torque
may be the physical origin of the observed anisotropidmPosed by the shear force: high valueshef,, give rise to
growth of focal contacts upon application of internal or ex-@ vertlc_al compression of the layer at the front edge and an
ternal stresses. expansion at the rear edge of the stressed zone. In contrast,
The following section of the paper introduces the elasticthe shear deU|USxxzz is felateo! to Fhe _Compressibility of
ity of thin films such as amphiphilic layers grafted to a sur-the Iayer; a displacement in tlxmllrecuo_n induces an excess
face. By integrating over the elastic response in the directio@f material at the front and a depletion of material in the
perpendicular to the film, we derive in Sec. lll, the effective bag:k. Typlcal_ materials are isotropic and their elast]c prop-
response of the film to surface perturbations. We first treagrties are defined by their Young modulésand the Poisson
surface perturbations that vary in only one direction in the/@tio v. The relationship between the modulj, and the
plane of the film. The deformations due to surface stresse$0Ung modulusE and the Poisson ratio is [12]
that vary in two dimensions in the plane are treated in Sec. E 1-»
IV, where we focus on the effective, in-plane shear modulus
induced by the boundary effects; an effective shear modulus
is predicted even for originally fluid thin films or monolay-
ers. We show that the anisotropy of grafted layers leads to a N E
polarized response to local surface forces which we propose xexz Tyzyz TOXY S 21 + )’
as a mechanism for the anisotropic growth of cell-substrate
junctions. E
Nxxzz= )\yyzz: A

RO+ ) + M

Moo= Nzzz7= )\yyyy: EE,

_ 14
W 4p1-20

(2)
Il ELASTICITY OF A GRAFTED LAYER The Poisson ratio usually ranges from 0.25 to 0.5. A Pois-

Amphiphilic molecules in water assemble into monolay-son ratio of 0.25 implies that,,,~\.,, For values of the
ers or thin films at water-air or water-oil interfaces. The Poisson ratiov>0.25,\,,,,> A\, and the shear induces an
structure is fluid and there is no energy cost for shear deforexcess of materigbump at the edge of the stressed zone as
mations of these thin films. The fluid layer is fully described we expect from intuition. Some materials with special prop-
by its elastic moduli of compression;yy, Ny andi,,,,  erties such as foams or fixed-connectivity membranes
Anchoring the monolayer or thin film to a surfa¢ghose [16,17 have negative Poisson ratios and therefore show
normal is in thez direction results in an energy cost for atypical response to shear such as a vertical compression in
shear deformations in thez or y-z planes. This occurs even front of the stressed zone and a bump at the rear.
though there is no intrinsic, solidlike order and is related to
the fact that the layer is not homogeneous inZltirection;
the shear tilts the molecules and changes their surroundings:
hydrophobic tails get closer to hydrophilic heads, leading to
an increase of the energy. Two sets of elastic moduli come An initially fluid layer grafted onto a surface responds to
into play when such a grafted layer is sheaneg;,(or A,,,)  small perturbations like an anisotropic elastic medium with
related to the torque-induced shear, agg,, (or Ay,,) re-  the elastic energy Eql). We consider the important case
lated to the compression-induced shear. No elastic couplingshere the layer is grafted to the substrate on the bottom
exists betweenx andy when the layer is not anchored but plane(atz=0) and subject to a localize stress that acts on the
fluid. Tethering the layer to the surface does not change thitop plane(at z=h). We focus on the deformations on the
property and the layer still has a zero, in-plane, bulk sheasurface(at z=h). The gradients of these deformations are
modulus: A= Ayyxy=0. However, because of thez and  proportional to the local surface density of the grafted mol-
y-z shear modulus, fluid layers are inherently anisotropic. ecules on the top of the layer. As detailed later on, the varia-

We now write the elastic energy of such a grafted layertion of the local density may be the relevant parameter that
that is isotropic in thex-y plane(C,4, symmetry: determines the anisotropic aggregation of additional proteins

Ill. DEFORMATION OF A GRAFTED FILM UNDER
SHEAR FORCE
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in cell adhesion, leading to the growth of the focal contacts - -A
) e X u(x,0) =0,
in the direction of the applied force.

The deformation of a grafted layer cannot be understood N -
with the usual methods developed for two-dimensional films U(x,h) = Un().-

[13]. The boundary conditions that apply in taalirection  One thus obtains the deformation as a function of bodnd
are crucial to the determination of the elastic response of the The elastic energy is obtained by substituting the deforma-
film, even to surface stresses, and the three-dimensional nfion that minimizes the energy into E¢3). However, to
ture of the finite layer must be considered. We now deriv&iocus on the effects of surface stresses, it is very useful to
the Green’s function for the response of such a layer. Most ofxpress the energy in terms of the surface displacemiéxt
the interesting aspects of this problem can be understood Qyy|y. To this end, we integrate the energy ozeThe results
focusingon a system where there are no variations of thgre pest expressed in terms of the Fourier components of the

grafting conditions nor the applied surface stresses irythe g rface strainsi, =ug(h), defined by the Fourier transform
direction. It is this case, with variations of the deformations q

in only the thicknesgz direction) and one surface direction 1 .
irecti i in thi i U(X,2) = —— | uy(2e%dq.
(the x direction), that is treated in this section. In Sec. IV we N [o_ | HaK
- L ; N2

treat the full problem with variations in both theandy
directions and show that the grafted layer exhibits a noveBiologically relevant stresses have ranges of the order of
response to in-plang-y shear deformations. However, for fractions of microns, much larger than the thickness of the
the sake of simplicity, we first focus on the case where therdéilm which is typically in the nanometer range. We therefore
are variations only irx andz. focus on the case of long-wavelength deformations and ex-

We first demonstrate that the grafting condition stronglypand the energy tosecond order in the dimensionless, small
modifies the usual long-range elastic interaction observed fgparameter that is the product of the wave vedjand the
semi-infinite medig12] and introduces a finite cutoff related thicknessh and we obtain
to the film thickness and the elastic constants. We also point
out the unusual nature of the elastic energy for thin films and f dg [(

- X_X NP h |2 X_Z NP h |2
explain the presence of terms that are independent of and“ ~ A d h)|uqx + h Az qh |quf

; . o » 2\27\ h
linear in the wave vector of the deformatigr{(in addition to

terms that are quadratic mpas in the bulk We finally dis- ~ h—h  —h h

cuss the fact that large shear moduli can destabilize the layer — * Mxz 0 (Uglg, = UgUgs) | - (4)
and gives rise to an unusually large response of the film to

perturbations with certain wavelengths determined by thén this expres:sionﬁgk is the complex conjugate of the com-

elastic properties of the materiaesonancelike behavipr —— plex quantityu}, and;; are the effective elastic coefficients

The two-dimensional layer is grafted to the substrate ahat result from the integration over the thickness:
z=0 and the top surface of the layer iszth. The elastic ,
N - 4)\'XXX)?\'ZZZZ_ ()\'XZXZ+ AXXZQ

energy for a system invariant ¥is

)\X = )\XZXZ )\),( 12)\2222 (5)
— d d )\XXXX 2 )\ZZZﬁZ 2 2
&= X 2 UXX+ 2 ZZ+ }\XXZ#XXUZZ-'_ )\xzxyxz ' N N ()\xzxz_ )\XXZQ(g)\xzxz-" )\xsz
)\Z = )\ZZZZ )\é = ’ (6)
(3) 1204y,
where the integral ovezis from z=0 toz=h and the integral o= Moxzz— )‘XZXZ_ 7)
overx extends to plus/minus infinity since we discuss layers e 2

whose lateral extent is much larger than the range or size of Due to the grafting condition, the energ$) includes a
the surface stresses applied to the layer. This simple a arm that is independent of the wave vectprThis is be-

proach does not take into account the intrinsic anisotropy Otause the finite film breaks the translational symmetry: shift-
an originally fluid layer since we focus on deformations that. y Y:

are invariant in they direction. A gel and a grafted layer ing the top of the layedoescost energy and is similar to a

where tethered molecules are not entangled behave similar§ear deformation, as confirmed by the value\pt5). An-
under such deformations, but have of course different valueSther important effect is the existence of a term proportional
for their elastic coefficients that correspond to the differentto \,, that is linear in the wave vectay. This term arises
entropic response of each systefi8]. The limit of an iso-  from the finite distancéproportional to 1¢) that a surface
tropic elastic medium can be obtained in E8). by replacing  perturbation penetrates into the material. Thus, although
the elastic coefficientd;y, by their relationshig2) with the  elastic energies usually depend quadraticallygpthe effec-
Young modulusE and the Poisson ratio. Results obtained tive thickness of the deformation region is proportional to
in this section are therefore completely general and are indek/q; integration of the elastic energy g° over the thickness
pendent of the elastic anisotropy of the film. The spatialrepack 14 results in an effective surface elasticity that has a
dependence of the deformation of the layer is given by miniterm linear ing. Equation(7) also highlights the competition
mizing the energy3) subject to the boundary conditions  between the two kinds of shear moduli previously discussed,;
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the overall sign of the effective shear modulug depends Modulush,,,,or the shear coefficient,,,, are large. This
on the relative contributions of each term. resonance and the associated large response is probably

not relevant for biological systems: the resonant wave-
length is of order of the thickness of the material, that is,
of the order of a few nanometers in the case of grafted

When a forcef(x) is applied on the top surface of the
layer atz=h, the elastic energy is augmented by a term

e dg = --=y molecules, whereas the applied stresses are usually in the
—ff(X)U(X,h)dXZ—f 5 J’Z_(fquq+fquq)' (8 micrometer range.
N £

The previous analysis relies on the assumption that the
The resulting deformation of the surface of the thin film is film is grafted to a rigid substrate, where no displacement

related to the external stress by the Green’s te@aj: takes place on the bottom surface of the film. However, cells
develop focal adhesion when the substrate is functionalized
1 with various molecules that can result in either strong or
u(x,h)=—== | f;(x")G;j(x—x")dx’. 9 X " . .
i) \’gwf iX)Gii( ) © weak grafting condition. It is therefore important to relate the

) o o elastic properties of the substrate to the stress-induced defor-
In Fourier space, within the approximatiogh<1, the  mations. Obviously, if the substrate consists of a three-
Green'’s tensor is written dimensional elastomer, the finite thickness effects previously
~ discussed are no longer consistent since the surface stress

Ni X igh now applies to an effective semi-infinite elastic medium.
h Ay N\, However, if the surface treatment consists of a coating of
9= 1+ 22 - (10 molecular thickness that, instead of grafting the film to the
q A iah 1 surface, causes adhesion via a finite, harmonic adhesive po-
Xxxz q }(Z tential, all the former results still hold, but with some modi-

fications[11].

In two dimensions, the response of the thin film to a highly (i) Both the amplitude and the range of force-induced
localized, delta function surface force is an exponential dedisplacements become larger as the strength of the adhesive
cay with a rangé that is determined by the elastic properties potential decreases: the effective screening lengtteq.

of the material: (11), increases with softer boundary condition on the bottom
— surface, leading to a larger response.
e=h ML+ A, = NS, (i) However, the amplitude of the variations of surface

T == density can be shown to decrease with the strength of adhe-
sion. In the limit of very low adhesion strength, surface
Ao az~ (B2 75— s M sasr Nop) stresses indeed translate the elastic film but do not deform it;
=h 120,00 . (11)  the density does not vary.
Xzxzizzzz In conclusion, although semi-infinite, elastic media trans-
We note that the range is only meaningful wH&n>0; how-  mit long-range stresses, the effects of the finite thickness of
ever, this quantity can become negative since the term ithe layer dramatically reduces this range, transforming the
parentheses in E@11) is always positive. When the range  usual power law to an exponential decay whose length scale
becomes imaginary, this indicates that there is a destabilizas given roughly by the balance of the compression and the
tion of the smooth exponential decay. This may signify theshear moduli. Releasing the constraint of strong grafting con-
appearance of oscillatory behavior or in some cases, longdition and considering instead a finite adhesion energy modi-
range order. The response of the system is related to tHées the range of the exponential decay but does not change
amplitude of thermal fluctuations that diverges whgrbe-  the qualitative behavior of the stressed elastic film. Finite

comes negative: thickness also gives rise to the possibility of a regime where
L the system shows an unusually large response to surface
2 AN, KgT forces(i.e., an elasticity-induced “resonangehowever the
(lugl*y = h 51 +q202 (12) relevant wavelength at which this response is large is of or-
Xtz

der of the thickness of the elastic layer. These predictions

In our case, higher orders in the expansiongmmust be could be tested experimentally on polyelectrolyte multilay-
considered before one can reach any conclusions about t§&S, whose elastic moduli can be varied by tuning the ionic
existence of an instability wher2<0. However, these strength[19]. The predicted large amplitude deformation re-
higher order termsge.g., terms ing®) are often positive and 9ime for Poisson ratio<1/2 [see Eqgs(16—(18) for the
stabilizing and we do not expect any instabilities to takeiSotropic casgmay then be seen with such materials.

place in the systems we consider. Equatib® nonetheless
suggests that the system may show an unusually large re-
sponse to surface perturbations with wavelengthé”: this
wavelength corresponds to a damped resonance if there is Taking into account two-dimensionat andy) variations

no further instability. Isotropic materials exhibit such a of the deformations and the surface stresses adds significant
regime whenv—1/2 (i.e., for rubberlike materiaJs An-  technical complexity to the problem but does not change the
isotropic materials can reach this regime when either theualitative effect of finite thickness-induced short-range elas-

IV. SURFACE ELASTIC ANISOTROPY EFFECTS
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FIG. 2. Response due to the dirgaf and indirect(b) coupling
betweenx and y. The z component of the deformation is not
represented.

PHYSICAL REVIEW E 69, 051902(2004)

of the force. For symmetry reason, the displacenwgim the
direction of the force is the same on both sides of the stressed
region. But we expect the variations of the surface density of
the material to be antisymmetric as it is related to the gradi-
ent of the displacemeni,. The relevant parameter that de-
scribes the polarization of the response of a layer of proteins
to surface shear forces is therefore not the displacement but
the variation of surface density:

5® —

E == (U + uyy)-

Before focusing on anisotropic elastic media that are relevant
to the description of adhesive junctions involved in cell ad-
hesion, we first illustrate the indirect coupling effects by
looking at the spatial deformation induced by a tangential

force f(x,y)=f(x,y)€, that stresses the surface of iaotro-

pic elastic, thin film. We consider this particular ca&es
opposed to the anisotropic thin filnm order to simplify the
presentation. For the isotropic case, the calculation can be
performed in a simple and instructive manner. The situation
of isotropic media is however slightly different from an an-

tic interactions. However, several novel aspects appear sudpotropic thin film or fluid monolayer: in the isotropic case, a

as an effective, in-plane shear modulus that arises from th@iréct coupling exists between the planar directiarendy
boundary conditions. We first describe this boundary-induce§Ven in the bulk material; that is, the shear modui,, and
coupling effect and evaluate its consequences for the surfadexyy '€ nonzero even in thG_I bul_k. Thls adds to the mo_hrect
deformations. In Sec. IV B, we focus on anisotropic elasticcOUPling between the andy directions induced by the finite
media and predict the influence of elastic anisotropy on thdhickness effects as described above. We nonetheless show
symmetry of the response. When considered in the context ¢hat both contributionghe direct and the indirect onesom-

cell adhesion, these results suggest that the observed ani®ft€; based on this, we can deduce the response of an elas-

tropic growth of sheared adhesive junctid®$ may simply

tically anisotropic, grafted layer with no direct coupling be-

originate from the force-induced, anisotropic deformations ofWeen x andy, without performing this technically more

the junctions.

A. Boundary-induced strain coupling

complex calculation.

Using the same procedure as in the preceding section, we
consider the energy of an isotropic film subject to a fixed
surfacestrain U(x,y,h); later on, we relate this strain to the

As mentioned before, a fluid monolayer grafted to a sursurface force that induces the surface strain. The energy is
face has no intrinsic, direct coupling between the two planathen written as

directionsx andy; the elastic energy corresponds to ED),
where A,,,v=\,yx=0. But even without any direct elastic
coupling ofx andy, a force in thex direction can induce a

deformation in they direction because of the grafting surface

E dq| |ulJ? -~ ~
E=—— | —| =1 +0?h?%(\, + \ 2
2(1+V)hf277{ o LLFAN A1+ )z c0s D))

boundary condition of zero displacement. Indeed xhedy ELZ 225 X @iz NN
direction strains are indirectly coupled through the boundary * 2 [+ =, cos D)+ 2 (2 +ah7;)
condition atz=0 and via the shear modwi,,,and\,,,, A 5

variation of u, generates a response, but u,, is also Mxy 212 h—h ,—h h

coupled touy, due to the general shear modulysz shear ¥ 2 ¢ " sin 6 oS BUgiqy + gy

modulus (the same argument holds fax, and uy,). This idhe

indirect coupling is responsible for an atypical response of + q—)\xz[cos a(ugxﬁgz—_gxugz) +sin H(UZyﬁgZ

the material: a surface shear stress induces an in-plane com- 2

pression at the front edge of the stressed region as presented

in Fig. 2. However this effect is negligible when the stiffness -uhub1 |, (13)
of the molecules is largé\,,,,larger than the other elastic vma

coefficienty, a situation that can occur in a layer of short . . . - )

molecules grafted to a surface, such as proteins involved iW'th the renormalized elastic coefficients:

cell-matrix junctions. In such cases, surface forces do not, 53 _5g,432,2 . 7-8 _ _
stretch the molecules, which instead respond as solid blocks\) = ———————, Nyo————————, A\y=2\,,
u,,~=0. No indirect coupling takes place and a surface shear 48(1 = v)(1 - 2v) 481-v)(1-2v)

stress only induces a polarized displacement in the direction (19
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X_Z(l—v) X,_(3—4v)(1—4v) T dv-1 @wE(D>‘°’(1+y)(3+4y)e‘”ecos(ZS 29
l-20 P 121-22)2 7 T 21-20)] ® E\C/ 61-v e

(15
to first order in€¢/r. The dependence on cgsin Eq. (19
predicts a highly anisotropic response to force: the density

) ~ i mainly varies in the direction of the force and not perpen-
pling betweernx andy, Ayxy andAy, Contrary tok,, Which gicylar to it. As emphasized in Sec. IV B, specific aniso-

can change sign because of the opposite action of thgypic elastic properties of materials can enhance this fea-
compression-induced shegy,;;and the shear modulusz.a  tyre and lead to an even more directional response, where
Axy is always positive. Indeed, both contributions to the sheau, is completely negligible. This anisotropic deformation
Axyy @nd A,y favor the same final state where the materialis the effect we suggest as the origin of the polarized
is expanded in the-y plane at the front of the perturbation biochemical response of cell adhesion under stress, where
and compressed at the rdaee Fig. 2 The minimization of new proteins aggregate to the adhesive junction specifi-
Eq. (13) when a tangential forcé=f(x,y)é, is applied to the ~ cally at the front edge. _ .

surface leads to the following deformation after Fourier in-  Although it is not apparent in Eq17), the sign of the

whereXXy is the combination of both sources of direct cou-

version(in the limit r> ¢): prefactor ofu, comes from the competition between the di-
rect and the indirect coupling betweenandy: u, > (A \,
2L+n)f W [xe 1+ 6w —-\%)/\,. The direct coupling\,, is responsible for the in-
Uy(r,h) = —E * AR ,,—<1 + 2(1- )CO§¢), tuitive response: a displacement of a spot in the positive
vrie v direction expands the elastic medium in thalirection in
(16) front of the spot(x>0) and a compression in the negatixve
direction. The effect of the indirect coupling causes a nonin-
tuitive deformation due to the ability of the material to use
20 +v)f h® [me™t . 1+6v the z direction to move material toward the stressed region at
uy(r,h) = —E * Iz Eﬁco&b sin ¢6(1 —)’ the front edge and away from it at the re&ig. 2); a local

force induces a compression in tkg plane at the front edge
(17) of the stressed region and expansion behind it. Finally, the

direct and indirect couplings betweenandy compete so

that a deformation along thedirection is expected to induce

u(r.h) = 21+v)f h* [me cosé 4v-1 1y @ smaller response in thyedirection for an isotropic material
2 E 32N 2 \m 41-v)° compared with an anisotropic, thin fluid layer, where no di-

rect coupling balances the finite thickness-induced shear de-

. . . formation.
In this expression(r,¢) are the polar coordinates on the

surface of the medium while * indicates a convolution as

defined by Eq.(9) but extended to two dimensions. These B. Elastic anisotropy effects on deformations
formulas show the same trend as we found in the preceding o . . .
section where only one surface dimension was considered: The situation for anisotropic, flwcl grafted layers can be
the deformation decays exponentially on a length s¢ale deduced from the isotropic case. Singg=0, we expect the
defined here ast=h\(23-4&)/[241-v)(1-2v)]. Note material to be compressed in tikey plane at the front edge
that ¢ is still not well defined close ta=0.5 where one Of the perturbation, contrary to the intuitive expectatibig.
must include terms higher order in the wave vector. Our2: caseé(b)]. The sign of the displacement inis as before
expansion is indeed not precise enough to explore thig{ependent on the relatlvg contrlbgtlon of the shear_ cogffl—
region, but the previous stability analysis still holds andCi€NtS\u;,and A,y and will lead either to an expansion in
predicts an increased sensitivity of the film to perturba-the Z direction whenh,u,,> Ay, Or to a compression in the
tions with wavelengths close té-¢2 when the elastic pa- opposng case. A snuatyon of !nterest that can be ea§|ly pre-
rameters are such th&f<0. The deformations for this dicted is the very anisotropic case where stretching the
two-dimensional case are not isotropic in tke plane, grafted molecules is.very cqgtly energetica}Dky'ZZZiS larger _
but the anisotropy of the deformation is insensitive to thethan any other elastic coeff|C|e_nt. As mentioned _before, this
film thickness. The deformation described by Eqs_assumptlon is relevant to descrlpe layers _of proteins l_aoynded
(16)—(18) shows the same angular dependance as ont@ a surface such as the ones involved in ceII—mfttnx junc-
finds for surface stresses on a semi-infinite elastic metions. Because\,,,, is large, a surface forcef(x,y)
dium [12]. The in-plane displacement takes place mainly=f(x,y)€&, results in negligible stretching of the molecules in
in the direction of the forcé¢=0), similar to the behavior the z direction, and the indirect coupling between the in-
in a semi-infinite medium. As a consequence, the variaplane directions that arises from finite thickness effects be-
tions of the densitys®/d=-u,, are also highly aniso- comes negligible. Due to this anisotropy, the force-induced
tropic. A localized force, mathematically represented by adisplacement is, to a good approximation, in the direction of
Dirac & function, leads thus to the force(u, andu, scale like 1A,,,):
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f(x,y)h . e suggestion that the anisotropic elastic response of the thin
uy(X,y,h) = )\—* 7775()/), (20)  layer of proteins to the surface stresses originating from
xzxz cytoskeleton-induced cell contractility triggers spatially lo-
where €=\ ool Sy iS the typical range of deformation Calized biochemical reactions; the anisotropic change in the

and &(y) is the one dimensional Dirac function. Equation density of the protein layer due to the surface stress may
S . make it more favorable for additional proteins to aggregate at
(20) shows that for a constant forde=fé, applied on a he front of the layer but not at the sides or back. This pro-

rectangle of size 2,x2L,, the deformation is only Sig- yides a link between the elasticity-induced in-plane compres-
nificant at the edges normal to the force whereas the latsjon to the biochemical response.
eral sides are perturbed in a negligible way. This aniso- |n conclusion, surface stresses applied to grafted layers of
tropic variation of the surface density shows how themolecules create short-range perturbations whose range is
boundary conditions of surface attachment result in aimited to the film thickness. Finite thickness and the grafting
shearlike response of an initially fluid layer to a direc- boundary condition induce an effective shear response to sur-
tional surface stress. Outside of, but close to the stressefdce stresses, so that even fluidlike layers become sensitive to
rectangle, shear. A localized surface stress also induces perturbations in
directions perpendicular to the stress even for cases where

o N _fh H(L - there are no direct elastic coupling between xhendy di-
o - Uty = szzg[ (Ly=y) rections inthe bulk system. On the contrary, for cases where
L the system possesses an intrinsig shear modulus, the sur-
a1 : —[x/¢ face grafting boundary conditiotlecreaseshe effect of the
H(-Ly y)]smh—€Y e sgrix), 2D direct elastic coupling that exists for isotropic elastic media,

leading to a more directional perturbation. Both the short-
whereH is the step functioffalso called Heaviside function  range effect of stress forces and the boundary-induced direc-
When considered in the context of biological cell-matrix tionality may explain the mechanosensing observed in bio-
junctions, Eq.(21) shows that a constant surface force ap-logical cell adhesion as a local, anisotropic elastic process
plied onto a layer of stiff, grafted molecules induces an in-that generates a highly directional, biochemical response.
plane compression of randeat the front of the layer as well
as an in-plane expansion of ranfat the back edge of the ACKNOWLEDGMENTS
stressed zone; negligible deformations are expected on the The authors thank B. Geiger and E. Zamir for introducing
sides. Adhesive junctions are indeed observed to respond igs to cell adhesion. The authors thank M. Kozlov for very
forces with an increase of their size in a highly anisotropicuseful discussions. The authors are grateful to the Israel Sci-
manner; new proteins aggregate at the front ¢dgand not  ence Foundation and to the Schmidt Minerva Center for sup-
at the back nor the sides. This behavior is consistent with ougort.
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