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Abstract

In this paper, we develop a mechanochemical modeling framework in which the spatial-temporal
evolution of receptor-ligand bonds takes place at the interface between two compliant media in the
presence of an externally applied tensile load. Bond translocation, dissociation and association occur
simultaneously, resulting in dynamic aggregation of molecular bonds that is regulated by mechanical
factors such as material compliance and applied stress. The results show that bond aggregation is
energetically favorable in the out-of-equilibrium process with convoluted time scales from bond
diffusion and reaction. Material stiffness is predicted to contribute to adhesion growth and an optimal
level of applied stress leads to the maximized size of bond clusters for integrin-based adhesion,
consistent with related experimental observations on focal adhesions of cell-matrix interaction. The
stress distribution within bond clusters is generally non-uniform and governed by the stress

concentration index.
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1 Introduction

The adhesive interaction between cells and extracellular matrices (ECMs) plays a pivotal role in
regulating cellular processes such as cell spreading, migration, differentiation and morphogenesis. In
transmitting mechanical forces at the interface, cell-matrix adhesion has been found to operate by
assembling into discrete focal contacts, largely mediated by clusters of molecular bonds formed between
transmembrane integrins on cells and their ligands on ECM surfaces.! The focal adhesion (FA) spots
usually exhibit sizes from several hundred nanometers to a few micrometers, which may consist of
hundreds to thousands of integrin-ligand bonds.>” The formation of densely clustered molecular bonds

around micrometer-size has been observed in not only cell-matrix adhesions but cell-cell junctions.4

Why are focal adhesions discrete by nature with their sizes falling into a narrow range around the
micrometer scale? The mounting experimental evidences on discontinuous distribution and
characteristic size of focal adhesions have attracted attention of researchers in the past decade and led to
significant efforts from theoretical point of view. Based on the solution to a one-step master equation,
Erdmann and Schwarz demonstrated that molecular clusters below a critical size behave like a single
bond with a limited lifetime while those above the critical size survive over a much prolonged time
owing to the collective or cooperative effect of clustering.”® Therefore, bond clustering leads to augment
in adhesion size and contributes to the stability of bond ensemble: bond clusters smaller than a lower-
bound are subjected to frequent turnover, while sufficiently large clusters tend to have a much longer

1.,7’8 as well as Lin and Freund,9 extended the analysis

lifetime similar to stable focal adhesions. Qian et a
to including the effects of material compliance and non-uniform stress distribution on the stability of a

single or an array of adhesion clusters under tensile load, with results predicting a window of

intermediate cluster size for relatively stable adhesion and an optimal cluster size for maximum strength.
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In this sense, the size of focal adhesion is lower-bounded due to stability issue and upper-bounded as

long as material compliance is considered.

Indeed, the mechanical properties of extracellular matrices are increasingly recognized as
important parameters in determining the size, density and distribution of integrin-ligand bond clusters as
well as their adhesion performance, as evidenced by cellular responses to different types of

10-12

polyacrylamide- and alginate-based gels during the past two decades. Large patches of focal

adhesions are usually formed on sufficiently rigid substrates, while too compliant matrices result in

13,14

small point-like adhesion structures. Moreover, cells tend to migrate toward stiffer region when

cultured on an elastically heterogeneous substrate.'>'¢

The profound effects of material rigidity on cell-
matrix adhesion may also be raised from the intracellular side, which received less attention in literature,
since the elastic modulus of cytoskeleton can change over several orders of magnitude in response to

different levels of myosin-II-driven contractility.'”'®

The focal adhesions between cells and the opposing ECM surfaces, consisting of multiple
receptor-ligand bonds, are generally exposed to tractions forces induced by different physical
interactions such as those due to blood flow or other external environments, as well as those generated
by cell’s own contractile machinery. Experiments have also revealed that the size of mature FAs can
reversibly increase or decrease in proportion to the magnitude of applied tensile force, with force per
unit area (i.e., stress) maintained near a constant value around kilopascal level irrespective of cell

19,20

type The role of this characteristic level of traction acting at the cell-ECM interface is intriguing in

the formation of focal adhesions.

The aforementioned experimental observations seem to suggest a coherent interplay of adhesion

size, material stiffness and mechanical stress in FA formation and function at the cell-ECM interface,
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while the issues of how characteristic size and adhesion strength of FAs are influenced by substrate
rigidity and applied load were often treated separately in existing studies. For example, the effects of
cluster size on adhesion stability have been investigated in the presence of substrate deformation, with
results showing that optimal adhesion lifetime is achieved only at intermediate adhesion sizes,® without
addressing how these micrometer-sized clusters are formed at the interface over time. On the other side,
theoretical and numerical approaches have been developed to study the temporal evolution of species

separation owing to the mismatch between short and long adhesion molecules,”'

with implications in
patterned domain formation in T-cell receptor-based or integrin-based adhesion; Wang and Gao have
performed a stability analysis and theoretically showed that the uniform distribution of interfacial
molecular bonds is energetically unfavorable for the coexistence of receptor-ligand bonds and
glycocalyx molecules at the compliant interface, predicting that bond clusters with a dominating length
scale grow the fastest.”* However, these studies on dynamic aggregation process of molecular bonds
ought to be accompanied by the modeling efforts of adhesion strength and/or kinetic descriptions of

bond dissociation and association. Thus, the current theoretical understanding on the subject is still

fragmented.

It should be noted that focal adhesion between cell and matrix is a complex structure, where
more than 200 different proteins including talin, paxilin, vinculin, zyxin as well as integrin are at work.”
Increasing biological complexities may be crucial for proper modeling of FA formation and
mechanosensitivity.”® Before the mystery is fully clarified by experiments, one way to proceed is to
make some reasonable assumptions and look for possible consistencies or contradictions in subsequent
research. The present work aims to develop a quantitative coupling framework for understanding how
mechanical and chemical cues modulate the motion and reaction of molecular bonds at the compliant

interface between opposing materials. Essentially, bond clustering is considered as an energy-driven

-5-
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process in a competition between various time scales rooted in lateral diffusion and kinetic reaction of
the involved molecular bonds. This study extends the previous modeling framework by Wang and Gao**
in several aspects: 1) the previous assumption of plane-strain configuration is released and in this study
bond aggregation occurs at the interface between three dimensional materials; ii) the present model
provides not only the ultimate state of adhesion that is energetically favorable, but the real-time
evolution of the entire aggregation process of how these bond clusters are formed; iii) the binding and

unbinding kinetics of molecular bonds are also included in the current analysis.

2 Theory

Here we focus on an idealized model aiming to interconnect the major aspects that are important in the
aggregation dynamics of molecular bonds, with special attention to the effects of material stiffness,
applied stress as well as bond kinetics on the emerging size of temporal adhesion patterning. Consider

two semi-infinite elastic bodies joined by receptor-ligand bonds at the interface against a remotely
applied stress o, (Fig. 1a). E,,v, and E,,v, are Young’s modulus and Poisson’s ratio of the two
materials, respectively. Following the convention of contact mechanics, the elastic deformation from

both materials can be combined together by defining a reduced elastic modulus £~ through the

relation:?’

VE =(1-v2)E +(1-v2)/E, . (1)

It is assumed that individual receptor-ligand bonds can transit between a linked state and a ruptured state,
which will be described as rate processes in the following sections (Fig. 1b), and they can laterally

translocate across the two-dimensional interface (Fig. 1¢). Once formed, the receptor-ligand bonds are

-6-
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considered to behave as Hookean springs, with spring constant and rest length denoted by &, and [,

respectively.

Due to the densely packed bonds in focal adhesions,™” we postulate that the interface is fully
occupied by receptor-ligand pairs, closed bonds or open molecules, with the maximum site density p,
that can be possibly achieved for bond/molecule occupancy. For integrin-based focal adhesions at cell-
matrix interface, p, is usually 10°-10* bonds/molecules per pm? that corresponds to 10-30 nm spacing
between neighboring ones.?® The local density of closed receptor-ligand bonds is denoted as Prr » Which
should vary with time due to the aggregation process as well as bond dissociation/association. We
proceed by using the normalization scheme: p,/p, =c, as such ¢ and (1 - c) represent the fractions of

the closed receptor-ligand bonds and open molecules, respectively.

In the presence of possible bond aggregation facilitated by any non-uniform elastic deformation
from the surrounding materials, the interfacial separation / should be modified from a reference value

h,, which corresponds to the uniform interfacial separation when the closed receptor-ligand bonds are

evenly distributed at the interface, namely,
h(xlaxz):ho_us(xlaxz)a (2)

where u, is the elastic displacement in the direction perpendicular to the interfacial plane, and (x,,x, )

are Cartesian coordinates attached to the interface.

The total free energy G of the system consists of the terms from both the bulk (denoted as V)

and the interface (denoted as A ), which can be generally written as
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G=[wdv+|rdad. 3)

The first integral extends over the entire volume of the system, W being the elastic energy per unit
volume. The second integral extends over the entire interface, I' being the interfacial energy per unit

where o, and ¢, are the stress and strain tensors within the bodies of the two opposing materials, both

being assumed linearly elastic. Here the repeated indices (i.e., i and j ) imply summation over 1 to 3

for all the stress and strain components.

The interfacial term in eqn (3) is contributed by three sources: the elastic energy stored in the

stretched or compressed bonds (U, ), the entropic and enthalpic energy of mixing bonds that is
commonly represented by a double-well potential ( U, ),” and the energy associated with the
concentration-gradient of distributed bonds (U, ), which is in analogy to that in the Cahn-Hilliard theory

of spinodal decomposition of bulk crystals.*® Therefore,
[rda=u,+u,+U;, (5)

where the elastic, entropic/enthalpic and concentration-gradient terms on the right-hand side can be

explicitly expressed as

1
U, = J.E Lo kLRC(hO —uy; =y )sz 5 (6a)
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U, =I%Qp0[)’cz(l—c)2dA, (6b)

U, = j x(VeY dd. (6¢)

Again, all these integrals should be carried out for the entire interface. Q in eqn (6b) is a numeric
parameter measuring the depth of energy well at c=0 or 1,% f is a characteristic energy scale

31,32

associated with any bond redistribution, and K in eqn (6¢) describes the magnitude of concentration-

gradient effect that has the dimension of e:ne:rgy.30'32

The total free energy G can be varied by two concurrent but independent means: the variations

in elastic deformation of the two materials and bond redistribution at the interface, denoted as Ju, and
oc , respectively. The variation of the total free energy is therefore

oG = _[O'yé'ui,j dV—IpOkLRc(hO —uy 1, )Su, d4

.
+I%p0kLR(h0 —uy Iy ) Se dA+ [Qp, fe(l—c)(1-2¢)5c dA - [ 2x(V2e)oc da @

For bond redistribution itself, the conservation law requires that any variation in local density of closed

bonds is owing to the spatial gradient of bond distribution, that is
p,oc=-o0l,,, (8)

where a runs from 1 to 2, representing planar coordinates of the interface, and I is defined as a

relocation vector field such that /_n, is the number of closed bonds across a unit length of a curve with

a unit vector n normal to the curve. Similarly, the rate of change in local density of closed bonds must be

equal to the negative of the local flux divergence, namely,

-9-
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pyoclot=—J,,, 9)

where the flux vector field J is defined in a way that J_n, is the closed bond number across a unit

length of the curve (unit normal vector: m) per unit time. The relation between I and J has been

originally described by Suo and Lu*>** in modeling stress-driven self-assembly of a binary epilayer. By

the virtue of I, we can reform the variation in free energy as

G =[o,0u, ,dV — [ pyege by —u; —1 5 )5uy d4
(10)

+ 0 [lpokm(ho—u3—ZLR)2+onﬂc(l—c)(l—ZC)—ZKVZC}é']adA.
poaxa 2

In general, the mechanical equilibrium can be reached much faster than the chemical equilibrium.

Therefore, we can assume the whole system is always in mechanical equilibrium, i.e.,
6G/bu, =0, (11)
which recovers the mechanical equilibrium as follows:

o, ; =0 (anywhere within V), (12a)
Oy = pokypc(hy —t;—1, ) (anywhere at A4 ). (12b)

For a reference configuration that the receptor-ligand bonds are uniformly distributed (e.g., ¢ =c¢,) and
therefore the stress is also uniform ( o;; = 0,)) at the interface, the combined surface displacement of the

opposing materials is simply u, = Lo, / E , where L is a length scale characterizing the thickness of the

two materials. It should be noted that L in the preceding formula is assumed to be much larger than any

emerging sizes at the interface during bond evolution, as such each of the materials can be accurately

-10-
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represented as a half-space. The global force balance requires that o,; =oc, when u; =u,, and the
boundary condition at the interface (i.e., eqn (12b)) becomes o, = pOkLRco(ho —u, —ILR), by which the

uniform surface separation 4, can be determined as

By =l +—2— (13)
pOkLRCO

where the three terms on the right-hand side represent the rest length of bonds, bond deformation and

surface displacement of the materials, respectively.

According to the well-known Boussinesq solution,?” we can relate the surface displacement u,

to the interfacial traction o, through

O33 §1a§2 Oy

0 RE ”J &)

Uy (xl ) xz

dgdg, . (14)

Substituting the expression of u#, in terms of o, (i.e., eqn (12b)) into the integral equation, we obtain

O O3 _ J'J' O33 ‘515982 O dEde, . (15)
pOkLRCO Pokige - E \/ 51 + x2 §2)2

Together with eqn (15) that governs the mechanical equilibrium, the system is also undergoing
dynamic diffusion-type process. We define the driving force F, for bond relocation process as the free

energy reduction associated with one single closed bond moving by a unit distance, namely,

[F, o1,d4=-5G, (16)

-11-
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and assume that the local flux is linearly proportional to the driving force by a coefficient M :

J =MF, . (17)

a 24

In addition to the diffusion term described by the flux of the closed receptor-ligand bonds J,, the local

binding and unbinding events of receptor-ligand bonds also contribute to the local change of closed

bond density. We end up with a separate governing equation, which is time-varying, as

% =%V2Bpokm(ho —uy—1 ) +Qp0ﬂc(1—c)(l—2c)—2/(vzc}+k0n(1—c)—k0ff c, (18)
0

where the last two terms represent kinetic reaction due to bond association and dissociation, with &
and k_; being the association rate of open bonds and dissociation rate of closed bonds, respectively. We

further assume that the dissociation rate depends on bond traction o, and behaves like catch-slip bonds,

as described by the classical two-pathway model:*>>’
ke = k! eXp(_ O3 /O-c)+ k; exp(a33 /o, ) > (19)

where k! and k. are the rate coefficients for the ‘catch’ and ‘slip’ pathways at zero force, respectively;
o, and o, are the stress constants that measure the sensitivity of bond dissociation rate on traction level

for the two pathways. If k! =0, the force dependence of dissociation kinetics in eqn (19) immediately

reduces to the slip bond model, as first proposed by Bell.”® The association rate is assumed to depend on

the separation distance between the molecular-bearing surfaces as®”*’

k, =k, exp(— (hy—u, )/ xj), (20)

n

-12-
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where k. is the rate constant and x, is the characteristic length scale measuring how fast bond

association decays with increasing surface separation.

3 Results and Discussion

In simulating the dynamics of bond aggregation, a sufficiently large region of the interface is initially

joined via randomly dispersed receptor-ligand bonds ( c=c, ). We proceed by choosing two

dimensionless quantities

K _ K
“NoB’ Tup 2D

as the basic length and time scales in the analysis. Taking x =10""7J, B =1000k,T ( k,T :
Boltzmann’s constant multiplied by the absolute temperature), p, =1000/um?* and M =10 J™'s™", a

and 7 are estimated to be 50 nm and 0.625 s, respectively. Normalizing all the lengths in the governing

1

equations (eqn (15) and (18)) by a, times by 7 , rates by 7' and stresses by p,/3/a leads to

%0 _On 0 I} ulé.b )0 dédé,, (22a)
¢ ¢ T \/(’%1—421)2+()?2—§2)2 146,
% = V{% (};0 —1, —iLR + Qc(l —C)(l - 20)— ZVZCJ + lgon(l —c)— lgoff c, (22b)

A

where the hats indicate dimensionless quantities, /, = iLR +¢,4,0, + 6,/ (qlc0 ), and

-13-
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ki ra ’ of L
q, ; 9, Ea q; p (23)

are three dimensionless parameters in the problem. g, combines factors such as the bond stiffness (4, ),
the concentration-gradient effect (« ), the site density ( p,) and g, represents the effects from material

compliance through E.

The intention here is to illustrate the model predictions and implications for cellular focal
adhesion using representative parameters, and a complete survey of the full parameter space is
unattractive. From a=50nm , B =1000k,7 and k , =0.32pN/nm M we take q, to be 0.2;
Po = 1000/ um’ and E” =0.8 MPa lead to ¢, =0.1 282 g, 1s set to be 100 to represent a much thicker
bi-material than the feature size at the interface (for validity of the half-space assumption). Q is set to be

2.2. Other representative values for bond kinetics are chosen as: 6, =0.005, léfn =0.005, IQSO =0.001,

A

k?=0.003, 6,=0.01 and &, =0.0025.>>* The same set of parameters is used for all the simulation

cases unless specified otherwise.

Eqn (22a) is an integral equation which cannot be solved directly. To avoid the difficulty, we

follow the gradient flow method*® so that the equation can be rewritten as

ai:n:_n 949> 6'33(51»52)_6'0 d621d622 _(ﬁ_ﬁj , (24)
o d ”\/()%1_51)2"'(322_52)2 ¢

where T1 is a kinetic coefficient characterizing the relaxation rate of the stress field. Once d6,,/0f

decreases to zero, eqn (22a) will be automatically satisfied. We apply Fourier transform to eqn (22a) and

33,34

(22b) and solve them in the Fourier space, as performed in previous studies. In each time step, we

-14-
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first evolve eqn (24) for given bond density ¢ until the mechanical equilibrium is reached (i.e.,
064, / 0f =0). Eqn (22b) is then solved to obtain the time evolution of bond density distribution. In all

of our simulations, the coupled equations are solved in a square domain of size 256x256, a range found

to be adequate for numerical purpose, and periodical boundary conditions are maintained.

Five simulation snapshots are shown in Fig. 2a to 2e, where the extent of bond clustering is
examined by its deviation up to ¢ =10,000 r from a random distribution around c¢=0.4 at t = 0. Fig. 2f
plots the change of average cluster size over the simulation time. As the system evolves, the interfacial
bonds that are initially random aggregate into clustered domains, which finally settle at a feature size in
a triangular lattice. The clustering process reaches a steady-state by ¢ =5,000z that corresponds to ~1
hour in real dimension, beyond which the spatial bond distribution becomes almost invariant. Domains
with similar ordered pattern have been observed in other self-assembled systems on two dimensional

- : 44 : 45 46
surfaces, such as molecules on dielectric substrates, Langmuir monolayers,~ and block coploymers.

The displacement profile #, and the stress field &,, at the steady-state of the spatial-temporal
evolution are shown in Fig. 3a and 3b, respectively, both exhibiting dotted pattern identical to the spatial
distribution of bonds in Fig. 2. The size of the bond clusters is found to be ~20 (Fig. 3b), corresponding
to ~1 um in real space by recalling the length scale @ =50nm. In addition, the stress level within
individual adhesion spots is about 0.012, which can be converted to ~1 kPa via the stress scale
poB/a=80kPa. All these predicted values are essentially consistent with those measured in focal
adhesions.”>"**" The closed bond density and bond stress are monitored in the time sequence of the
simulation for three representative points, A, B and C as marked in Fig. 3b, which evolve into cluster
center, cluster rim and valley between clusters, respectively, in comparison with the corresponding

average over the entire interface (Fig. 3¢ and 3d). Averaging over the entire interface, both closed bond

-15-
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density and bond stress decrease when the system reaches its steady state from the initial condition,
which reflects the competition between bond dissociation and association in the aggregation process for

the selected parameters.

Recently, catch-slip bond behavior has been demonstrated for integrin-ligand bonds that are
responsible for cell-matrix adhesion,” in contrast to Bell’s slip bond description.”® It is therefore
interesting to examine the chemo-mechanical process of bond aggregation in terms of these two
different bond types. Strikingly, for catch-slip molecular bonds, the applied stress tends to coarsen the
clusters until an optimal load level that leads to maximized bond clusters (Fig. 4a); while for slip bonds,
the increasing applied stress monotonically refines the pattern into smaller clusters (Fig. 4b).
Experiments have found that the size of mature FAs reversibly changes in proportion to the magnitude

19,20

of applied stress below a threshold value, " and our results predict that integrin’s catch-slip behavior is

the key accounting for such phenomenon. To further investigate the completion between different time
lgso and /gco

scales, we keep the diffusion term constant and vary the bond reaction term by changing k°

proportionally to achieve nominally identical competition between bond dissociation and association.
The relation between cluster size and applied stress is found to be biphasic for catch-slip bond but
monotonic for slip bond for all the cases studied, and faster reaction kinetics (compared to diffusion)

generally results in smaller bond clusters (Fig. 4).

In Fig. 5, the average size of bond cluster is plotted as a function of ¢, and ¢, for different
values of &,, where the average cluster size is measured from individual clusters when the catch-slip

bond system evolves to its steady-state. The feature size of bond clusters is predicted to be enlarged for

increasing g, contributed by factors such as stronger concentration-gradient effect (« ), stiffer bonds

(k. z ) and lower site density ( p,), as indicated in Fig. 5a. The cluster size also decreases as the

-16-
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neighboring materials become more compliant in Fig. 5b (E" is changed from 800 to 67 kPa as ¢,

increases from 0.1 to 1.2), consistent with the experimental trend that focal adhesions are impaired on

substrates that are highly compliant.'>!*

Interestingly, it may be recognized that

Pokira (25)

9.9, = E

which bears the similar form of so-called stress concentration index that has been proposed to govern the
stress distribution within molecular bond clusters.*” Roughly speaking, the index q,9, represents the

stiffness of the layer of interfacial bonds relative to the modulus of surrounding bulk materials.
According to the previous analysis,"’ the stress distribution should be nearly uniform within individual
bond clusters when the index is much smaller than unity, and become highly concentrated at the cluster

edges otherwise. This is indeed observed in Fig. 6.

4 Conclusions

In summary, we have theoretically developed a mechanochemical framework that governs the spatial-
temporal evolution of interfacial receptor-ligand bonds in the coupled elastic field and chemical
potential. The governing partial differential equations are solved numerically and the time-varying
behaviors of bond aggregation are obtained, with emerging cluster size regulated by material compliance
and applied load. With specified diffusion and reaction kinetics of interfacial bonds, the model should be
applicable to integrin-based cell-matrix adhesions as well as cadherin-based cell-cell junctions. Upon the

previous modeling work by Wang and Gao,** the major progress this study made lies in the following

-17-
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aspects: 1) it extends the mechanochemical process of bond patterning from one-dimensional along a line
to two-dimensional across an interface; ii) the present model presents the real-time evolution of the bond
aggregation process rather than a perturbation analysis on system energy; iii) the kinetic processes of de-
bonding and re-bonding, which are strongly coupled to the elastic field through traction and

displacement, are incorporated into the analysis.

Several important aspects of the problem have been neglected in the present study, which
certainly warrant future investigation. For one thing, closed bonds are allowed to diffuse in order to
capture the bond translocation at the interface between cell and natural ECM, or between cell and cell,
where the ligands can be considered mobile. For the case that ligand molecules are less mobile on the
surfaces of artificial ECM, we assume in the model that closed receptor-ligand bonds can still switch
positions with their neighbors because of lateral extensibility of ligand molecules, and there is no extra
energy associated with this lateral extensibility. Notice that no length scale is required for position
switching in our continuum description, so there is no problem for bond translocation to occur even the
lateral extensibility of ligand is very limited. Of course, one can achieve easy or difficult bond
translocation by choosing the value of M in eqn (17). More studies can be performed to account for the
role of immobilized and patterned ligands in cell-ECM interaction. The present model is idealized that
the interface of molecule bonds between two semi-infinite homogeneous materials is subjected to
uniform traction, resulting in rather regular lattice of bond clusters (Fig. 2 and 3). In reality, focal
adhesions between cell and matrix can be influenced by many factors that lead to non-uniformly
distributed cluster patterns. For example, cellular traction can be non-uniform at cell-matrix interface,
materials can bear some inhomogeneity, geometric features may exist at the interface and/or within the

materials, etc.

-18-
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The modeling framework developed here has captured the combined behavior of size emergence,
stiffness dependence and loading effects in the dynamic formation of adhesion domain, which may help
to understand cell-matrix adhesion that contains convoluted time scales from bond transport and
reaction, both regulated by the mechanical field. The stiffness of surrounding materials is predicted to
benefit the growth of focal adhesions, and the clusters of integrin bonds enlarge with increasing
magnitude of applied stress, up to a threshold value. In spite of the simplification in certain aspects, it is
encouraging that the key predictions of such an idealized model are quantitatively consistent with
relevant experiments. We anticipate that the general framework here will initiate modeling and
experiments to investigate more sophisticated mechanical and geometrical properties of cell-matrix
system, such as material anisotropy,® heterogeneity,® pretension’ and finite dimension of cell-matrix
that give rise to inherent non-uniformity, which exert influence on molecular adhesion at the interfaces

and may guide the design of artificial materials to control adhesion-mediated cellular behaviors.
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Figure Captions

Fig. 1 Schematic of the bond aggregation model under investigation. (¢) Two semi-infinite elastic
materials joined via receptor-ligand bonding at the interface against an externally applied tensile stress.
(b) Bond transition between closed and open states with traction-dependent dissociation and separation-

dependent association rates. (¢) Diffusion of receptor-ligand bonds across the interface.

Fig. 2 (a-e) Temporal snapshots of the closed bond density distribution (i.e., ¢ ) starting with a random
pattern at the interface. The initial distribution is around an average value of ¢=0.4 with random
fluctuations within 0.1. A square domain of size 256x256 and periodical boundary conditions are

adopted in the simulation. (f) The time-varying behavior of average cluster size in the simulation. The

involved parameters are chosen as: ¢, =0.2, ¢,=0.1,¢, =100, &,=0.005, lé(?n =0.005, IQSO =0.001,

k°=0.003, 6,=0.01 and &, =0.0025.

Fig. 3 The spatial-temporal evolution of the mechanical and biochemical processes in bond aggregation.
(@) The displacement profile #, and (b) the interfacial stress &, of the steady-state at 1 =10,000 7 . The

time-varying behavior of (c¢) the close bond density and (d) the bond stress for three representative
points (A, B and C marked in (b)) that evolve into cluster center, cluster rim and valley between clusters,
respectively, in comparison with the corresponding average over the entire interface. The parameters

used in this simulation are the same as those in Fig. 2.

Fig. 4 The average size of bond clusters as a function of &, for different 1€§n when individual molecular

bonds exhibit (@) the catch-slip behavior and (b) slip behavior, respectively. The cluster sizes are

measured by averaging the areas of individual clusters when the system evolves to its steady-state after
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the period of 50,000 7. /€S° and /gco are varying in proportion to l:tfn without altering the nominal ratio of

bond dissociation to association for all the cases studied. The error bars represent standard deviation.

Fig. 5 The average size of bond clusters, measured by averaging the areas of individual clusters at

steady-state (¢ =50,0007), as a function of (a) ¢, and (b) ¢, for different values of &, for catch-slip

bond system. The error bars represent standard deviation.

Fig. 6 The steady-state distributions of the normalized bond stress ( ;) within individual bond clusters,
governed by the stress concentration index, i.e., ¢,q, . (@) ¢,=0.2, ¢, =0.1, 6,=0.003 and (b) ¢, =2,

q, =1, 6,=0.003. (c) and (d) show the traction distribution along a straight line at the interface, marked

in (a) and (b), respectively. This result indicates a transition between uniform and crack-like singular

distributions of the interfacial bond traction.
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